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Resum 
 
Un dels mètodes més prometedors per a la comunicació amb una major eficiència 
energètica en les Xarxes de Sensors Sense fil (Wireless Sensor Networks - WSN) és l'ús de 
wake-up receivers en el node receptor.  Els wake-up receivers són dispositius d'ultra-baix 
consum de potència connectats al node sense fil que li permeten romandre en estat inactiu 
mentre esperen un senyal d'activació. En aquest treball es proposa i desenvolupa un 
sistema d’activació que usa les comunicacions per llum visible (Visible Light Communication 
- VLC) i un panell solar d’ús interior amb dues funcions: actuar com a receptor del senyal 
d’activació i recollir energia de la llum ambient.  
 
Després de la recepció del senyal de l’emissor, el wake-up receiver genera una 
interrupció activant el node sense fil adjunt. Es descriuen dues alternatives per a la 
generació de la interrupció: una basada en identificador i una altra basada en la transmissió 
de la freqüència portadora. En la configuració basada en identificador, després de la 
recepció del senyal de wake-up es fa una comparació amb el codi d'identificació al dispositiu 
i, com a conseqüència, només el dispositiu amb el codi correcte és activat. En la configuració 
basada en la transmissió de la freqüència portadora, el node sense fil adjunt s'activa amb la 
detecció d'aquesta freqüència, la qual cosa permet utilitzar el sistema per activar diversos 
nodes alhora. 
 
 També se detallen dues opcions de configuració per al receptor així com el disseny d'un 
transmissor per mitigar el parpelleig del LED. Mitjançant experiments es mostra la 
factibilitat del sistema i s’avalua el seu funcionament en termes de la probabilitat de generar 
la interrupció d'activació a diferents distàncies entre la font de llum i el receptor. S'avalua 
l'efecte de les interferències del senyal i es mostra que les distàncies assolides són raonables 
per escenaris en interiors.  
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Resumen 
 
Uno de los más prometedores métodos para la comunicación con mayor eficiencia 
energética en las Redes de Sensores Inalámbricos (Wireless Sensor Networks  - WSN) es el 
uso de wake-up receivers.  Es este trabajo se propone y desarrolla un sistema de 
comunicación de wake-up que usa las comunicaciones por luz visible (Visible Light 
Communication - VLC)  y un panel solar de interiores con dos funciones: actuar como 
receptor de la señal de wake-up y recoger energía de la luz.   Después de la recepción de la 
señal el wake-up receiver genera una interrupción activando el nodo inalámbrico adjunto.  
Se presentan dos configuraciones para la generación de la interrupción: una basada en 
dirección y otra basada en la transmisión de la frecuencia portadora.  En la configuración 
basada en dirección, después de la recepción de la señal de wake-up se hace una 
comparación con el código de identificación configurado en el dispositivo; como 
consecuencia sólo el dispositivo con el código correcto es activado.  En la configuración 
basada en la transmisión de la frecuencia portadora, el nodo inalámbrico adjunto se activa 
con la detección de dicha frecuencia, lo cual permite usar el sistema para activar varios 
nodos a la vez.   Se describen dos opciones de configuración para el receptor, así como el 
diseño de un transmisor diseñado para mitigar el parpadeo del LED.  A través de 
experimentos se muestra la factibilidad del sistema y se caracteriza su desempeño en 
términos de la probabilidad de generar la interrupción de activación a diferentes distancias 
entre la fuente de luz y el receptor.  Se evalúa el efecto de las interferencias de luz y se 
muestra que las distancias alcanzadas son razonables para escenarios  intramuros. 
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Abstract 
 
One of the most promising energy-efficient communication methods is the use of wake-
up receivers. In this work we propose and develop a wake-up communication system that 
uses Visible Light Communication (VLC) and an indoor solar panel with two functions:  act as 
the receiver of the wake-up signal and harvest power from the light.  After the reception of 
the wake-up signal an interrupt generated by the wake-up receiver wakes up the wireless 
device attached. Two configuration options are presented: an addressable and a broadcast-
based wake-up configuration.  In addressable configuration, after the reception of the wake-
up signal a comparison is made with the identification code configured in the device; as 
consequence only the device with the match code is woken up.  In broadcast-based wake-
up configuration the wireless node attached wakes up after the detection of the carrier 
burst frequency, allowing use this system for wake up several nodes at once.  Two options 
of configuration for the receiver are presented, and also the design of a transmitter who 
copes with flickering mitigation.  Through experiments the feasibility of the system is shown 
and its performances is characterized in terms of wake-up probabilities for different 
distances. The effect of light interferences is evaluated, which shows that the achieved 
wake-up distances are reasonable for indoor scenarios. 
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1. INTRODUCTION 
 
Wireless Sensor Networks (WSN) has been identified by MIT (Massachusetts Institute of 
Technology) as one of the main emerging technologies that will change the world [1], and 
this is thanks to the multiple areas of application identified until now. A WSN is a network 
composed by several small and autonomous nodes physically distributed in order to collect 
information about their environment.  The wireless sensor nodes work in a collaborative 
way in order to monitor and collect distributed data from their environment.   
 
One of the main characteristics of WSN is the autonomy of each one of the motes in the 
network, closely related with the duration of their power supply, which has to be as long as 
possible in order to ensure the availability of the node for periods of months and some 
cases years.  Then the autonomy in the nodes is related to the efficient management of the 
energy in the wireless networks.   Also, the longer availability of the nodes also increase the 
efficiency of the network. 
 
To achieve this complex goal some mechanisms have been proposed: radio optimization, 
data reduction, sleep/wakeup schemes, energy efficient routing and charging solution.  
Inside the sleep/wakeup schemes are found the wake-up receivers and the duty-cycling 
schemes.  In duty-cycling, the wireless nodes listen the channel for potential incoming 
communications turning their radios on periodically.  It has been shown that this approach 
has energy wastes when the device wake up and there is no information to transmit or 
receive.  With the use of a wake-up receiver, which is a small and low power device in 
charge of activating the mote only when an external wake-up call occurs, the node can 
remain in a sleep mode for longer times (because it is not necessary for the sensor to wake 
up for sensing the medium in search of possible incoming signals), enabling totally 
asynchronous, rendezvousless communication.  
 
 
 
WAKE-UP COMMUNICATION SYSTEM USING SOLAR PANEL AND  
VISIBLE LIGHT COMMUNICATION           15 
 
Also, for the management and conservation of power the harvesting of energy from the 
environment becomes an interesting option in this kind of networks.  For the harvesting of 
energy one of the most interesting ones and less explored is the harvesting of energy from 
light.  Note that, the power provided by the indoor solar panels are limited (e.g., less than 
90μW by the solar panel evaluated in this study for 200 lux light intensity) and could only be 
used for very low power communication devices such as wake-up receivers (e.g., less than 
30μW is required by the system proposed in this study). To the best of our knowledge, this 
is the first wake-up communication system that uses harvesting of light, paving way to a 
new research direction. 
 
The contribution of this work is the construction of a passive wake-up receiver that is 
activated by a signal emitted in the frequency range of visible light.  An indoor solar panel is 
used for harvesting enough energy for the wakeup device operation as well as the reception 
of the signal.  This means that we take advantage of the indoor solar panel also using it as 
receptor of the signal, avoiding the use of any other light detector component (i.e. 
photodiode) in the implementation.  Also, the ‘wakeup radio’ concept is transforming into a 
‘wakeup light’ device, using VLC (Visible Light Communication) as communication channel of 
the wakeup signal. 
 
Then, the proposal that we present here becomes ambitious when we merge in this 
approach the use of a wakeup light receiver using VLC communications, the use of an indoor 
solar panel for energy harvesting and the use of the same indoor solar panel as receptor of 
the signal.  This novel wake-up communication system will allow: i) the use of light as 
channel for the wakeup signal, ii) to put the wireless node to deep sleep mode, let them 
conserve energy from their power supplies, until it is really necessary to enter in active 
mode, iii) enable the wake-up of the wireless nodes through an addressable wake-up, 
waking up only the device that must be activated, iv) to enable the research direction of 
battery-less wake-up receiver by using the solar panel both for charging and communication 
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purposes, v) to enable novel applications such as light-driven localization, asset control, etc.  
The proposed system can be widely used in several indoor applications. The receptor is 
completely autonomous due to the harvesting from light energy. 
   
In this document, we present the detailed design of the proposed system that achieves 
wakeup communication through the use of visible light and solar panel, achieving autonomy 
through the harvesting of energy from light.  The different components of the system and 
their configuration are described, and also evaluated in different scenarios.  With the 
configuration proposed, a 7 meters wake-up distance with no interference is achieved.  
Also, using a longer bit duration a 14 meters wake-up distance with no interference is 
achieved, with a more notorious flickering in the LED. 
 
The rest of this document is organized as follows: In chapter 2 we describe the 
fundamentals of WSN, VLC (Visible Light Communications), as well as the state of art in Free 
Space Optical (FSO) wake-up receivers and receivers harvesting power from environment.  A 
general overview of the system is described in chapter 3 as well as the details of the design 
of the wake-up receiver and transmitter and the deployment issues. In chapter 4 the 
obtained results are presented.  Finally the conclusions and future work are presented in 
chapter 5. 
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2. BACKGROUND AND THE STATE OF ART 
 
2.1 Wireless Sensor Networks (WSN) 
 
A Wireless Sensor Network (WSN) is composed by several small and autonomous 
wireless nodes physically distributed and deployed near or into the environment to monitor 
[13].  These small size nodes (also known as motes) are low cost and low power 
consumption devices.  The motes are equipped with sensors and sometime actuators, and 
they are able to monitor and collect information from their environment, process it locally 
and work in a collaborative way in order to transfer the information, using their wireless 
interface.  
 
 Sensor networks have no central entity such as wireless networks like GSM (Global 
System for Mobile Communication), UMTS (Universal Mobile Telecommunication System) 
or LTE (Long Term Evolution), where the communication is controlled by the base stations.  
Instead of using a centralized infrastructure, in WSN the nodes must construct a network by 
themselves using their wireless interface, and in case of failure of the nodes or the paths, a 
new path has to be calculated (restoration capability), guaranteeing that the network will 
persist even if one or several nodes are lost [15]. 
 
Unlike other networks, Wireless Sensor Network focus in interacting with the 
environment instead of interacting with humans. In order to accomplish this, the wireless 
nodes are equipped with sensors and actuators allowing it to interact with the environment 
where the network is placed.  The sensors -also known as transducers- equipped in the 
nodes are components that convert a physical magnitude to an electrical equivalent signal.  
The transducers include temperature, acceleration, pressure, humidity, light, sound, 
proximity, presence, gas pressure, magnet field, distance, electrical current and others.  The 
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actuators are devices that convert an electrical control signal to a physical action, 
performing specific actions interacting with the environment. 
 
In Figure 1 the model for a Sensor Network Architecture is shown consisting of one 
gateway node (or sink node) and a large number of sensors deployed in the field.  The data 
is transferred from sensor nodes to the gateway using a multi-hop communication. 
 
 
Figure 1. Wireless Sensor Network Architecture 
 
The main challenges of WSN are: 
 
 The nonexistence of a central entity.  The lack of a base station makes more 
difficult the tasks like the organization of the nodes (it has to become in a self-
organization), the assignation of transmission resources to the participants (it has 
to be decided in a distributed way), or the finding of paths between nodes. 
 
 Limited range of the wireless communication.  The communication in the WSN is 
limited by the distance, the obstacles, or the characteristics of the wireless 
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interface.  Then it is necessary to have multi-hop communication, and the 
construction of the paths between nodes.  
 
 Mobility of the nodes.  The mobility of the nodes changes the neighbors of the 
participants and the global configuration of the network.  As a result, the paths on 
the network have to be changed or restored in a feasible way.  
 
 Nodes operated by battery. The lifetime of the wireless nodes, and consequently 
the network, is limited by the capacity of their batteries.  In many cases the 
replacement of batteries becomes a problem due to the amount of nodes in the 
network or the characteristics of the environment where the motes are deployed.   
 
Many application areas exist for the wireless sensor networks; some of the application 
areas are smart cities, home, health, environment, civil areas, agriculture, and military, 
among many others.  For example, WSN can help with the control and organization in the 
cities, enabling the smart cities.  The sensor nodes can be useful in lighting control, adapting 
the street lights to the weather or amount of traffic; green zone irrigation, irrigating only the 
dry zones to reduce water consumption; garbage collection, detecting the full containers 
optimizing the trash collection routes; parking, monitoring the available parking spots in the 
city; monitoring the air quality, monitoring the amount of CO emissions in the city; 
monitoring of acoustic pollution in real time; and others [14].  Another example is home 
automation, with applications in the security area like intrusion detection systems, with the 
monitoring of windows and doors; monitoring of energy and water consumption; light, air 
conditioning and heater control as well as the control of the electronic devices at home like 
TV, music equipment, etc.  In personal healthcare monitoring for example, the WSN can 
help to measure the vital signs in the patients in a hospital or monitor the corporal signs in 
athletes. Also they can be used to control of the conditions inside freezers where vaccines, 
medicines or organic elements are stored [14].  In the area of environmental and habitat 
monitoring for example, in a disaster relief operation the sensor nodes can be dropped from 
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an aircraft over a wildfire, and from the measures from every node construct a temperature 
map of the zone; also it is possible to use the sensor nodes to observe wildlife [16] or for 
monitoring the activity of a volcano. Another example is the monitoring of the structure of 
buildings in order to predict and implement maintenance, taking measurements about 
room occupancy, temperature and air flow; or monitor mechanical stress of the buildings. In 
the area of precision agriculture, through sensor nodes it is possible to supervise variables 
that will improve the agriculture like using fertilizer, pesticides or irrigation only when it is 
needed. [16]. Finally, in military applications WSN is used for command, control, 
communications, computing, targeting systems [13], or tracking the position of soldiers in a 
battlefield between many others.  
 
 
2.1.1 Wireless Sensor Nodes (Motes) 
  
WSN allow the creation of a large amount of ubiquitous services, where the network can 
act in unattended manner monitoring and controlling the environment variables, taken 
intelligent decisions in an autonomous way.  For these reasons, in 2003 Massachusetts 
Institute of Technology (MIT) identified Wireless Sensor Networks as one of the 10 emerging 
technologies that will change the world [1].  In order to accomplish with all these 
functionalities, the nodes in the WSN have to accomplish with the next characteristics: (i) 
Low power.  In many cases, because of the amount of nodes or the difficulty to reach the 
nodes in the deployment place, the replacement of the battery can be difficult or expensive.  
Ideally, the nodes should be operative for years.  (ii) Small size. The small size of the nodes 
reduces the power consumption of the mote, and also permit to the nodes be deployed in a 
field with few interference or obstruction in the environment. And (iii) low cost. In order to 
create ubiquitous networks, a large number of nodes have to be deployed.  Then, to make 
the implementation economically feasible the nodes must be low cost.  
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Every wireless sensor node in the network has limited hardware and limited resources.  
The nodes are mainly composed by a processing part (typically a microcontroller and 
memory), a transmission part (transceiver), a sensing part (one or several sensors or 
transducers) and a power unit (usually one battery or harvested power).  Figure 2 shows the 
architecture of a typical node.  It consist of four main components: Sensing subsystem 
including one or more sensors and their Analog-to-Digital (ADC) converters; the processing 
subsystem composed by a microcontroller and memory; the communication subsystem for 
wireless communication and the power supply unit, usually a battery.  Despite of the 
hardware limitations, the wireless sensor nodes have the capability of gathering the 
information from the environment and communicate it to other peers.   
 
 
Figure 2. Architecture of a typical Sensor Node 
 
2.1.2 Energy Management in WSN 
 
One of the main challenges of the WSN is to achieve energy-efficient operation of the 
nodes.  The motes are equipped with a power unit, usually a battery, which limits the 
lifetime of the node.  As it was mentioned before, the replacement of the battery becomes 
difficult because wireless nodes are usually deployed in unattended areas or because the 
amount of nodes in the network is so high for a battery replacement.  This problem has led 
to several studies in the green communications and networking areas, becoming an 
important research issue. 
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Since the creation of WSN there has been an interest to increase the operating time of 
the nodes in order to reach several months and years of autonomous operation.  In order to 
achieve this goal, several approaches have been proposed.  In [17] a taxonomy of energy-
efficient mechanisms is presented, which are divided in five components:  
 
 Radio optimization.  Since the radio module is the component that has the higher 
energy consumption in a node, the optimization of the communication 
parameters like coding and modulation schemes, power transmission and 
antenna direction has been studied in order to reduce the power consumption. 
For example, in [19] the author studied three modulation schemes and from this 
study they propose the optimal modulation and parameters to achieve minimal 
energy consumption.  Other studies like [20] propose control the transmission 
power of the antenna, increasing it when the node has high remaining energy and 
then allowing other nodes to decrease their transmission power, saving energy. 
 
 Data reduction.  Other option for the reduction of the energy consumption is 
reducing the amount of data transmitted, avoiding the transmission of unneeded 
samples or limiting the amount of sensing task.  In this way, energy can be saved 
because data transmission and acquisition are costly activities in terms of power 
consumption.  For example, with data aggregation [21] the nodes along the path 
perform fusion of data -such as averaging the values- reducing traffic and hence 
reducing energy consumption; however aggregation reduces the accuracy of the 
data.  Another approach is reducing or adjusting the acquisition frequency of the 
samples decreasing in this way the energy consumption on the nodes.  
 
 Sleep/wakeup schemes. Since reception and idle states are major energy 
consumption activities, the sleep/wakeup schemes help to put the radio in sleep 
mode saving energy in the node.  For example, duty-cycling schemes define the 
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wireless devices to turn their radios on periodically to listen the channel for 
potential incoming communication [22]. Even though this approach has been 
shown to reduce the energy wastes, unnecessary battery consumption happens 
when the device wakes up and there is no information to transmit or receive.  An 
alternative and promising approach is the wake-up radios, where low power 
devices are used to wake up the wireless nodes only when it is necessary, saving 
power from unnecessary wake-ups and also reducing the time of waiting for 
incoming signals at the node. 
 
 Energy-efficient routing.  In multi-hop schemes the nodes closer to the gateway 
have to route more packets than the nodes in the periphery of the network, then, 
the battery in these nodes are depleted in a faster way.  Therefore, energy-saving 
routing protocols have been proposed in the literature.   For example, a proposal 
for the organization of the network in clusters is made in [24, 25], dividing the 
network in small areas and activating in each area only one node in order to let 
the other nodes remain deactivated.  Another method is considering energy as a 
metric in the setup of the paths [26].  
 
 Energy harvesting.  Energy harvesting for wireless nodes has been studied as an 
option for recharging the batteries in the wireless nodes without human 
intervention.  Energy harvesting from the environment (such a solar, wind and 
others) is a promising area because this will permit to networks continuous work 
for an unlimited time; however, power harvesting has many limitations due to the 
few amount of power capable to recover from the environment.   
 
2.2 Wake-up receivers 
 
Among the sleep/wakeup schemes for aforementioned energy conservation methods, 
the wake-up receivers present a promising option.  As it was indicated, a wake-up receiver is 
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an external device in charge of activates the node in case that a call occurs. A wakeup 
receiver device is a small piece of hardware with ultralow power consumption which usually 
is composed by an internal correlator and an address coding for a selective wake-up, 
between other components.  Upon the reception of the external call, the wake-up triggers a 
pulse oriented to alert the node about an incoming communication.  Figure 3 illustrates the 
wake-up receiver (WuRx) operation.  First the transmitter sends a signal intended to the 
wireless node (step 1).  The wake-up receiver is constantly sensing the channel (step 2) and 
identifies the call for the wireless node attached.  Then, the WuRx triggers a pulse (step 3) in 
order to wake up the wireless node.  Finally, the wireless node wakes up (step 4) and is 
ready to continue the communication.        
 
 
Figure 3. Wake-up Receiver Operation 
 
Most hardware platforms allow multiple power saving states.  In the case of the wireless 
sensor nodes, each component of the node (for example the microprocessor, the radio, the 
sensors, etc.) can be activated accordingly with a particular situation.  In the wireless sensor 
nodes, the lowest power state is the sleep mode.  The mote is able to stay in this state as 
long as it has not any task to develop.  The use of a wake-up device permits the node to 
remain in a sleep mode for a longer time, avoiding wake-ups for sensing the medium in 
search of possible incoming signals.  In [3] it has been shown that wakeup radios enable a 
more energy-efficient approach eliminating the energy wastes prevailing in duty-cycling 
significantly. 
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There are a variety of proposals on wake-up systems in the literature. Most of these 
proposals are built on radio triggered approaches. Other proposals that use a different 
channel than RF for the wake-up signal exist, however they are few. Wake-up receivers can 
be classified as active or passive, according to their source of power [4]. Active devices get 
their power from a battery or share the battery of the attached node. On the other hand, 
passive wake-up receivers take their power from other sources, for example, by harvesting 
energy from the environment, such as from the transmitted signal or light. 
 
An active FSO (Free-Space Optical) wake-up receiver is proposed in [5]. The wake-up 
receiver uses a signal that is transmitted using free space optical communication. The wake-
up receiver is equipped with photo diodes, which are used as signal receivers. This approach 
is designed for use in indoor networks, and require line of sight with a highly directional 
communication. The transceiver in a receive mode has a power consumption of 317μW. 
Also, this implementation reaches a communication range of 15 meters with a transmitter 
that has a power consumption of 16.5mW. The device has been built using Texas 
Instruments MSP43F2410 MCU and a Texas Instruments CC2420 radio. Although this 
proposal uses FSO for wake-up signal, our device includes two important aspects that set us 
apart: i) the use of an indoor solar panel as receptor of the signal, which we show to 
perform better than photodiodes for wake-up purposes, and ii) the potential for harvesting 
of light energy for feeding purposes. 
 
In [6], an active wake-up receiver sensitive to infrared signals is presented. The device 
has a consumption of 4μA while waiting for a signal. This device is in a constantly listen 
state, using a very low power amplifier and a microcontroller which is woken up when the 
proper signal arrives. Depending on the transmitter signal intensity, the operational range of 
wake-up signal reaches up to 30 meters. The device has been built for use in indoor 
positioning, identification purposes, and for waking up external hardware like sensor nodes. 
The advantage of our system is that it enables the use of lighting infrastructure for lighting, 
communication and energy harvesting purposes. 
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2.2.1 Energy harvesting in wake-up receivers 
 
Among the wake-up receiver proposals, few use methods of harvesting ambient energy.  
Mainly proposals are focused in the scavenging from RF. For example, in [27] the 
performance of three passive wake-up radio-based devices is analyzed and compared, and 
experimental results are shown.  For each proposal a description and characterization is 
made, and some results are presented.  
 
A hybrid piezoelectric energy harvesting device is described in [7], in combination with a 
radio wake-up receiver. This is the only proposal found where the power scavenging comes 
from a source different from radio. In this case, the harvesting is made from ambient 
vibrations. The characterization and the design of the device are presented through 
simulation and tests. Our work paves way to a wake-up receiver that uses a more common 
energy source, i.e., light, for harvesting purposes. To the best of our knowledge, this is the 
first study to use energy harvesting from light in a wake-up receiver device.   
 
2.3 Visible Light Communication (VLC) 
 
Visible Light Communication (VLC) is a way of communication where the medium used is 
the visible light, which is the form of electromagnetic radiation with wavelengths from 380 
nm to 750 nm. The PHY and MAC layer for short-range optical wireless communications, for 
around 7 m, using visible light in optically transparent media were recently defined in the 
IEEE 802.15.7 standard [29]. The use of visible light for data transmission brings advantages 
like the no interference with radio communication thus can be safely used in environments 
like hospitals and other institutions.  Also, visible light communications do not have any 
regulations like the radio communications, therefore the communication systems proposed 
using VLC does not have to paid fees and licenses for their operation.  Communications 
using VLC has been also signaled as secure, due to the difficulty for an eavesdropper to 
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listen a communication outside of the room where VLC has been used. The use and 
standardization of VLC is promoted by the Visible Light Communications Consortium 
(VLCC), which is mainly integrated by telecommunications companies, LED makers, electric 
power companies and electronic makers. 
 
Communications using visible light are based on the modulation of a light source.  Any 
kind of light emitter can be used in VLC, but some devices have better characteristics than 
others due to some ones can endure more time when are switched on and off frequently 
[28].  With the advances reached in LED (Led-Emitting Diode), this technology has becoming 
in the more promising alternative to be used as VLC transmitter.  However, mostly 
photodiodes as well as CMOS (Complementary Metal-Oxide-Semiconductor) and CCD 
(Charge-Coupled Device) sensors are used as receivers, which are often installed in digital 
cameras.   
 
 
2.3.1 Modulation schemes for VLC 
 
In order to send the information, the light has to be modulated.  The principal 
modulation schemes used in VLC are Pulse Position Modulation (PPM), which has been 
defined as VLC-standard by the VLCC.  Also other modulations schemes like Frequency Shift 
Keying (FSK) and On-Off Keying (OOK), and others are used.   
 
2.3.1.1 Pulse Position Modulation (PPM) 
 
In PPM data is transmitted using short pulses, all with the same amplitude and duration 
but with different delay between pulses. Depending of the delay between two pulses it is 
possible to infer if it corresponds to a zero-logic or to a one-logic.  The pulse can be in one 
of the 2M possible positions inside a time window. In PPM a clock synchronization between 
transmitter and receiver is needed, since the pulse position is referenced to the clock. 
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Differential PPM (DPPM) has been created to avoid the use of a clock, using the falling edge 
of the previous pulse as reference for delay. In Figure 4 the DPPM modulation is illustrated.  
 
 
Figure 4. Differential Pulse Position Modulation (PPM) 
 
2.3.1.2 Frequency Shift Keying (FSK) Modulation 
 
Frequency Shift Keying (FSK) is another popular modulation scheme in VLC.  In FSK the 
data is transmitted by changing the frequency of a carrier signal.  Then, for example, a zero 
is represented by frequency f1 and one is represented by a different frequency f2.  Figure 5 
shows an example of a signal modulated using FSK. 
 
 
Figure 5. Frequency Shift Keying Modulation (FSK) 
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2.3.1.3 On-Off Keying (OOK) Modulation 
 
On-off Keying (OOK) modulation is also used in VLC communications.   OOK is the 
simplest form of Amplitude Shift-Keying (ASK) modulation.  In OOK a logic one is 
represented by the presence of a carrier and logic zero is represented by the absence of the 
carrier. Figure 6 shows 10001 coded using OOK modulation.  
 
 
Figure 6. On-off Keying Modulation (OOK) 
 
When a light source is modulated using OOK, at some frequencies the absence/presence 
of light for “long” periods of time is going to produce flickering.  In order to balance the 
amount of zeroes and ones, and avoid the presence of more than two consecutive zeroes, 
is used a Manchester code for encoding the bits.  In Manchester code, a logic one is 
represented by a transition from zero to one, and logic zero is represented by a transition 
from one to zero.   In Figure 7, the same word 10001 presented before is shown, first in 
their digital representation, second Manchester encoded and finally modulated using OOK.   
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Figure 7. Manchester coding and OOK modulated signal 
 
2.3.2 Flickering Mitigation 
 
When a source of light is modulated, flicker may appear.  Flickering is the fluctuation in 
the brightness of light and can become an annoying effect and also develop negative 
physiological changes in humans [29].  The maximum flickering time period (MFTP) is 
defined as the maximum time period over which the light intensity can change without be 
perceived by the human eye.  An optimal flickering frequency does not exist, however a 
frequency greater than 200 Hz (i.e., MFTP < 5 ms) is considered to be safe [32].  
 
In IEEE 802.15.7, flickers are classified as intra-frame flicker and inter-frame flicker.  Intra-
frame flicker is the fluctuation in the brightness within a frame.  Mitigation of intra-frame 
flickering is achieved using modulation schemes like Manchester encoding for DC-balance or 
introducing “compensation bits” inside the frame [29].  On the other hand, inter-frame 
flickering is the brightness fluctuation between frame transmissions.  Inter-frame flickering 
mitigation is accomplished by transmitting an idle pattern between data frames whose 
average brightness is equal to that of the data frames.   
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In order to mitigate flickering, light dimming can be used.  Light dimming consists in the 
control of the brightness of the source of light in order to satisfy a constant brightness.  For 
example in OOK modulation the light is turned on or off depending of the data bits 1 or 0, 
however state “off” does not mean the light is completely off, instead the intensity of light 
can be just reduced.  Then, OOK dimming can be achieved redefining the “on” or “off” 
levels.   Another form of OOK dimming is inserting a “compensation time” into the 
modulation waveform.  This compensation time will produce the effect of control the light 
brightness and therefore flickering. In [29, 31] the use of compensation time inside a frame 
is explained in more detail. 
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3. IMPLEMENTATION OF SOLAR-PANEL-BASED WAKE-UP SYSTEM 
 
A general view of the system and its components are shown in Figure 8. At the 
transmitter side, the system consists in a Wireless Sensor Node in charge of controlling the 
modulation of a LED, a LED driver module in charge of regulating the electrical flow crossing 
through the LED, and a LED light. The receiver side is comprised of an indoor solar panel 
which works as receptor device and a set of modules in charge of the recuperation and 
decoding of the signal and their comparison with the local address of the receiver.  
 
 
Figure 8. Global system view of the solar-panel-based wake-up system 
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On the receiver side, after detecting the signal by the indoor solar panel, an envelope 
detector module is in charge of identifying de high and low states of the signal. Then the 
Demodulator extracts the original information and delivers it to the pattern correlator. Each 
wake-up receiver has assigned an address, which is used to identify the receiver in a 
deployment site. The Correlator then compares the demodulated signal delivered by the 
Demodulator module and the address of the receiver; if the two addresses match a wake-up 
interruption is generated.  This wake-up interruption can be used for waking up the node 
from their sleep state. After this process, all the communication between transmitter and 
receiver can be performed using the traditional radio interface of the mote.  
 
In the transmitter side, a WSN node is used for the control of the LED light. The use of 
WSN node enables a simple, low-cost, small footprint LED controller device, and allows 
quick deployment of this system for different application environments. The WSN node 
generates the signal with the address of the device to be contacted by varying the current 
feeding the LED through the LED drive module.  
 
This system design can be varied to adapt to different application needs, easily. For 
example, by adding a switch and a secondary reception path after the solar panel, the 
receiver can support downlink data communication (from LED to the receiver device), after 
the receiver device is woken up. 
 
As we want to feed the wake-up receiver using only the energy collected by the indoor 
solar panel, it is necessary to use components that can work with the small amount of 
energy harvested by the panel. 
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3.1 System Design 
 
3.1.1 Wake-up Receiver  
 
For the design of the receiver it was necessary to take into account the amount of energy 
that it was expected to collect through the scavenging of light using the indoor solar panel.  
Then the first step consists in the characterization of the chosen indoor solar panel.  After 
that, it was necessary to search for the different components of the receiver.  These 
components have to be ultra-low power consumption due to the power consumption of all 
of them working together could not exceed the amount of power collected by the solar 
panel.  Below, the chosen components are described. 
 
3.1.1.1 Indoor Solar Panel 
 
The indoor solar panel chosen as receptor of the light signal is the SC3726I-8-1, an off-
the-shelf amorphous silicon solar cell with a rectangular shape of size 3.6cm x 2.6cm and of 
thickness 0.1cm manufactured by Blue Solar Company.  The open circuit voltage of the solar 
panel is around 5.6V and its short circuit current is 34.6μA.  When a variation occurs in the 
intensity of the light received by the panel, this variation is reflected in the voltage provided 
by the panel. This phenomenon is used to modulate visible light signals with Amplitude 
Shift-Keying (ASK).  An image of the panel is shown in Figure 9. 
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Figure 9. Indoor Solar Panel SC3726I-8-1 
 
In order to identify the characteristics and limit of the indoor solar panel chosen, four 
tests were conducted: (1) identification of the response curves of the solar panel: current, 
voltage and power curves, (2) a test in order to identify the response of the indoor solar 
panel to different frequencies, (3) a comparison between indoor solar panel and photodiode 
responses and (4) a comparison between two indoor solar panels of different sizes, test 
made with the frame in the format required in this system. 
 
First test 
 
For the first test the configuration shown in Figure 10(a) was used. In this case the light 
falling on the panel comes from the laboratory lighting mainly composed by halogen bulbs 
located in the ceiling.  For different values of load resistances (RL) the current and voltage 
were measured.  The results are shown in Figure 10(b). As it was expected, the voltage 
increases as the load increases.  Conversely, the current decreases as the load increases.  
Finally, it is possible observe that the maximum power is reached when a load of 150 KΩ is 
used.  Figure 10(b) show the curves for Voltage (blue), Current (red) and Power (green), and 
also their corresponding data table. In the X-axis are the values of the load RL and in the Y-
axis are the magnitudes in Voltage (V), micro-Amperes (μA) or micro-Watts (μW).  
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 (a)  Configuration for test 1 over indoor solar panel 
 
RL 
(KΩ) 
VOLTAGE 
(V) 
CURRENT 
(μA) 
POWER 
(μW) 
10 0,362 33,7 12,1994 
12 0,436 33,5 14,606 
15 0,539 33,2 17,8948 
22 0,772 33 25,476 
27 0,917 32,3 29,6191 
33 1,092 32,3 35,2716 
56 1,81 31 56,11 
68 2,16 30,5 65,88 
82 2,49 29,4 73,206 
100 2,81 28,2 79,242 
120 3,27 26,3 86,001 
130 3,499 26,8 93,7732 
132 3,54 26,6 94,164 
135 3,577 26,4 94,4328 
142 3,674 25,8 94,7892 
147 3,736 25,6 95,6416 
 
 RL 
(KΩ) 
VOLTAGE 
(V) 
CURRENT 
(μA) 
POWER 
(μW) 
150 3,786 25,6 96,9216 
153 3,795 25 94,875 
176 4,048 22,9 92,6992 
180 4,006 21,9 87,7314 
220 4,312 19,4 83,6528 
270 4,576 16,9 77,3344 
330 4,777 14,5 69,2665 
390 4,915 12,4 60,946 
470 5,044 10,5 52,962 
560 5,105 9,2 46,966 
680 5,21 7,4 38,554 
1000 5,347 5,2 27,8044 
1200 5,385 4,5 24,2325 
1800 5,459 3,1 16,9229 
8200 5,57 0,6 3,342 
10000 5,59 0,5 2,795 
 
(b) Curves of current, voltage and power for the indoor solar panel SC3726I-8-1 
Figure 10. Test 1 configuration and results for Indoor Solar Panel 
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Second test 
 
In the second test the goal was to identify the response of the indoor solar panel to 
different frequencies.  The configuration used in the test is the one shown in Figure 11(a). In 
the test, light modulated with different frequencies were projected to the panel.  In Figure 
11(b) the amplitude of the AC component, i.e., Vpp (peak-to-peak voltage) of the signal that 
the solar panel provides is shown for different frequencies.  The LED used in the test has 
10W and a luminous dimension of 34mm x 34mm; the distance between LED and the indoor 
solar panel was 1 m and in this test there were no interference from other light sources. As 
also was observed by the authors in [9], the response of the indoor solar panel to the lower 
frequencies is better than the response to the higher ones. Figure 11(c) presents illustrative 
captures of the waveforms received for two different frequencies, which show the decrease 
in the amplitude of the waveform and therefore the distortion between the sent and 
received signals clearly.  In the first capture in Figure 11(c) the top signal (in blue) 
corresponds to a frequency of 1 KHz and the bottom signal (in yellow) corresponds to the 
signal received in the indoor solar panel. In this capture the signal detected by the solar 
panel is clear and has an AC component with large amplitude.  In the second capture in 
Figure 11(c) the top signal (in blue) corresponds to the send signal with frequency 38.83 KHz 
and again the bottom signal (in yellow) corresponds to the signal detected in the indoor 
solar panel. In this case the Vpp in the detected signal is very flat and difficult to distinguish.   
Additional tests with a different size solar panel have resulted in similar behavior, again, as 
expected.  These results clearly shown the limitation in the use of higher frequencies in the 
system and also influences the selection of the receiver components.   
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 (a)  Configuration for test 2 on indoor solar panel 
 
(b) Indoor solar panel frequency response 
    
(c)Indoor solar panel response to a frequency of 1 KHz and to a frequency of 38.83 KHz. Top 
signal (blue): Transmitted signal. Bottom signal (yellow): Signal after the solar panel. 
Figure 11. Indoor solar panel response to different frequencies 
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Third test 
 
In the third test the response of the indoor solar panel was compared to the response of 
an off-the-shelf high speed and high sensitive PIN photodiode to different frequencies.  The 
chosen device was the photocell BPW34 [30] from Vishay Semiconductors, of 3 mm x 3 mm.  
In this test, 30 cm of separation between a LED and the photodiode / indoor solar panel was 
used. The Figure 12 shows an illustrative capture for the frequency of 13.6 KHz. As seen in 
the figure, the AC component of the signal at the output of the photocell is much flatter 
than that of the indoor solar panel. Even though photodiode has a faster response, the Vpp 
is not high enough for the AS3933 to detect the modulated signal and the wake-up 
interruption cannot be generated. Using an indoor solar panel also eliminates the need to 
use any amplifier stage after the reception of the signal.  This can be observed in the level of 
the DC component, where in the case of photocell is around 400 mV while in the indoor 
solar panel is 3V.   
 
 
 (a) Capture after BPW34 Photocell.  Top signal: Transmitted signal. Bottom signal: Signal after 
the photocell. 
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(b) Capture after SC3726I-8-1 Indoor Solar Panel. Top signal: Transmitted signal. Bottom signal: 
Signal after the solar panel. 
Figure 12. Photocell and Indoor Solar Panel responses for a frequency of 13.6 KHz 
 
Based on the measured frequency response and the operational frequencies supported 
by the AS3933 component, it was chosen to work at 21 KHz. As shown later, this choice 
enables the system to work with decent wake-up ranges. 
 
 
Fourth test 
 
Finally, in the fourth test the objective was to compare the indoor solar panel SC3726I-8-
1 with another from the same manufacturer but with a larger size, in order to understand if 
a panel with a larger size will have same, better or worse response to the different 
frequencies. Apart from the aforementioned solar panel size, a larger amorphous silicon 
solar cell manufactured by Blue Solar Company with dimensions 7.5cm x 5.3cm x 0.1cm is 
also tested. In Figure 13 the two indoor solar panels used in this test are shown.  For this 
test, the signal sent has the format used in the system, which is explained in detail in the 
following.   Also, no form of flickering mitigation is used. 
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Figure 13. Large and Small Indoor Solar Panels 
 
The achieved wake-up probability results are shown in Figure 14 for indoor environment 
with interference from fluorescent lights. The maximum distance reached with fluorescent 
light interference is found to be 3m. Note that the wake-up probabilities fall down sharply 
once the distance limit is reached.  
 
 
Figure 14. Probability of wake-up vs. distance for small and large indoor solar panels, under 
interference from fluorescent light 
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An interesting and important observation is that the maximum distance reached with the 
large panel is actually shorter than the one reached with the smaller solar panel. Figure 15 
shows the illustrative responses of small and large solar panels at a distance of 1.80 m from 
the source of light, in case of no interference. In the captures, the blue line represents the 
frame or signal sent and the yellow line is the signal detected by the panel.   As seen in the 
figure, the Vpp (Peak-to-peak voltage) of the signal provided by the solar panels is lower for 
the large panel compared to small panel. The reason for this behavior is that larger solar 
panels maintain a more stable signal level in the output, not relaying the fast variations of 
light signal amplitude values to the output. 
 
 
 (a) Small indoor solar panel response 
 
(b) Large indoor solar panel response 
Figure 15.  Small indoor solar panel response vs. large indoor solar panel response 
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Based on these results, we chose to continue the experiments using only the small 
indoor solar panel. This is also because of its other advantages such as lower cost and 
smaller footprint, which are crucial criteria for many potential user applications. 
 
 
3.1.2 AS3933 Austriamicrosystems chip 
 
Several off-the-shelf ultra-low power components exist, yet, the total amount of energy 
consumed by all the individual components exceeds the amount of energy generated by the 
indoor solar panel. After a detailed search, the decision was to use an off-the-shelf ultra-low 
power, high sensitivity radio wake-up receiver,  the AS3933 [10], as part of the receiver 
system. The power consumption of this device fits well with the power requirements 
desired in the project as it requires around 2μA current consumption and is internally 
composed of, aside from other modules, an envelope detector, an OOK demodulator, and a 
16-bits correlator as required by the receiver system. 
 
The AS3933 chip is a 3D low-power low-frequency radio wake-up receiver developed by 
Austriamicrosystems (AMS). The AS3933 is able to generate a wake-up signal upon the 
detection of a carrier signal of a frequency between 15 KHz and 150 KHz. The AS3933 works 
with an On-Off-Keying (OOK) modulated carrier which is the simplest form of Amplitude 
Shift-Keying (ASK) modulation. This device has an integrated data correlator capable of 
handling a programmable wake-up pattern (address) of 16 bits, or if the carrier is 
Manchester coded, 32 bits. For the AS3933, it is also possible generate a wakeup signal 
without an address, using only the carrier’s frequency as trigger of the wakeup signal. This 
corresponds to broadcast wake-up, enabling the waking up of all the nodes that receive this 
carrier frequency.  The AS3933 provides an internal clock generator which in this case is 
derived from the internal RC-oscillator, but also can be derived from an external crystal 
oscillator. The device can operate using one, two or three RF active channels. The current 
consumption when the three channels are in listening mode is about 5.7μA. Its operating 
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supply voltage is between 2.4 – 3.6V.  The Figure 16 shows the AS3933 typical application 
diagram with the internal RC oscillator.   
 
 
Figure 16. AS3933 typical application diagram with RC oscillator (taken from AS3933 
datasheet) 
 
The AS3933 has been developed for detecting radio frequency (RF) signals and it can 
activate the three receive channels that correspond to three orthogonal coil antennas.  
However, in our implementation we connect only one of the antenna pins to the indoor 
solar panel, and activate only the corresponding antenna channel at the AS3933.    
 
The operating modes of AS3933 chip are shown in Figure 17.  In listening mode the 
device is sensing continuously the active channels. The wakeup interrupt output (WAKE pin) 
is low.  After the detection of the carrier, the RSSI (Receiver Signal Strength Indicator) 
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measurements get started.  If the pattern detection is disabled, then the WAKE output is set 
to high and the chip enters to Data Receiving mode.  Conversely, if the pattern detection is 
enabled, then the chip goes to Pattern Correlation mode.  If the pattern detected is the 
same that the one stored in the registers of the chip, the WAKE output is set to high and the 
chip changes to Data Receiving Mode.  If the Pattern received does not match with the one 
stored, then the device change to Listening Mode and the WAKE signal is never set to high.  
The device can go out of Data Receiving Mode by two ways:  the first is through a Clear 
Wake command, sent through the SPI line.  The second is after a Timeout set in the 
configuration.  When the device returns to Listening Mode the WAKE output is again set to a 
low value (zero). 
 
 
Figure 17.  AS3933 Operating Modes Flow Chart (taken from AS3933 datasheet) 
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Although the AS3933 can be set to work with carrier frequencies between 15 KHz and 
150 KHz, the operational frequency band has to be chosen within this range. As we are 
working with an indoor solar panel as the receiver and as for the indoor solar panel the 
lower the operational frequency, less the distortion at the output signal, we chose to work 
with the lower range of frequencies. Hence, the working frequency band is set to be the 
band of 15 KHz - 23 KHz. 
 
Once we choose the working frequency band of 15 KHz – 23 KHz, the frequency of the 
Clock Generator (fRC) must be set accordingly to the carrier frequency (fcarr).   The equation 
which relates them is:    
                   
  
 
                           (1) 
 
With no calibration in the AS3933, the frequency of the clock generator is fRC = 36.72 KHz, 
then from (1) we obtain the frequency for the carrier: 
 
          
 
  
                  
                
 
  
 
               (2) 
 
In addition to the three RF channels, the data correlator, the Manchester decoder and 
the clock generator, the AS3933 has 20 registers to configure its operation. Each register 
consist of 8 bits.  The main logic stored in the registers can be accessed by an SPI (Serial 
Peripheral Interface).   
 
In Table 1 the established configuration of the AS3933 is described.  In the table, each 
register is described with the value defined in this project. In the table not all the registers of 
the chip are explained; due to some registers are related to parameters not useful for this 
project.  In Table 1 the format for the registers is: 
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Rregister_number <bit_position> or Rregister_number <bit_position:bit_position> 
 
Where, 
 
R    stands for Register 
register_number is a value between 0 and 19 (20 registers in total) 
bit_position  is a value between 0 and 7 (8 bits in total for each register). When the 
configuration refers to more than one bit the format 
<bit_position:bit_position> is used.  
 
 
The Registers are described in ascendant order, beginning with Register 0 (R0).  The code 
with the configuration can be found in Appendix B.  The configuration applied over the 
AS3933 has the following characteristics:  
 
Register Name 
Defined 
Value 
Description 
R0<7> PAT32 0 
The pattern length is configured to 16 bits. 
 
This means that the address stored in registers R5 and 
R6 are a bit representation of the pattern (16 
Manchester bits corresponds to 8 symbols). This 
configuration let us reduce the amount of bits 
modulated by the LED (because we are transmitting 16 
bits instead of 32 bits), reducing the flickering 
perception. 
R0<3> EN_A2 0 With this configuration the channel or antenna 2 is 
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disabled. 
R0<2> EN_A3 0 
With this configuration the channel or antenna 3 is 
disabled. 
R0<1> EN_A1 1 
With this configuration the channel or antenna 1 is 
enabled. 
 
If only one channel is going to be enabled it has to be 
the channel number 1. As we are not using a radio 
communication, we do not need to work with the three 
channels activated. We enable only one channel from 
the AS3933. This configuration let us minimize the total 
current consumption which is reduced to 2.7μA. This is 
crucial for the goal of supplying the energy of the wake-
up receiver with the indoor solar panel.   
R1<3> EN_MANCH 1 
Manchester decoder disabled. 
 
In order to get a shorter frame and therefore decrease 
flickering, the Manchester decoder is disabled. 
R1<2> EN_PAT2 0 
Double wakeup pattern correlation is disabled. 
 
When it is enabled, the pattern has to be repeated 
twice.   
 
Although the use of a double pattern helps to the 
AS3933 chip with the identification of the pattern, this 
also produces a longer frame generating higher 
flickering.  
R1<1> EN_WPAT 1 Correlator enable (ON). 
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Depending on the choice to enable the internal 
correlator, the AS3933 permits two wake-up 
configurations for the incoming signal. First is to 
generate the wake-up signal upon the detection of a 
carrier frequency in the working frequency band, as 
configured previously. This means that if the AS3933 
detects a signal in the range of 15 KHz to 23 KHz, a 
wake-up interrupt will be generated. In this first case 
the internal correlator is disable (OFF).   The code that 
generates the carrier burst used for testing purposes  
can be found in Appendix D. 
 
The second configuration is the more interesting one 
and the one that enables more user applications, since 
it enables configuring a pattern or address for every 
wake-up receiver device in the network. This allows to 
wake up any device or a class of devices without 
triggering any other device in the neighborhood, saving 
power in other nodes of the network. In this second 
case the internal correlator is enable (ON). 
R1<0> EN_XTAL 0 
Crystal oscillator disable. 
 
In the project we are going to work with the internal RC 
oscillator, this means that this parameter has to be set 
to 0 (disable). 
R3<5:3> FS_SCL 000 
Data slices/Demodulator time constant.  This value 
defines a minimum preamble length in milliseconds.  
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The value can be defined between 0.8ms and 3.5ms.  In 
this case, 000 stands for 0.8ms.  It is important to note 
that this time is the minimum required, but it is 
recommended use a longer preamble in the transmitted 
frame. 
R3<2:0> FS_ENV 110 
Envelope detector for different bit rates.  With 110 the 
symbol rate is set to 655 Manchester symbols by 
second.  This parameter together with the above 
(FS_SCL) helps to optimize the performance of the 
demodulator. 
R5<7:0> TS2 10101010 
Second byte of the wakeup pattern.   
 
In this parameter is configured the second byte of the 
receiver address or wakeup pattern. 
R6<7:0> TS1 10101001 
First byte of the wakeup pattern.  
 
In this parameter is configured the first byte of the 
receiver address or wakeup pattern. 
 
In order to mitigate flickering, the wakeup pattern send 
from transmitter is Manchester encoding, then in TS1 
and TS2 is stored the Manchester code representation 
of the receiver address. 
 
As it was mentioned early, in Manchester code each 
symbol is represented by a transition: the transition 
from high to low for 1, and the transition from low to 
high for 0. This means that each symbol is represented 
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by 2 bits. We are using visible light for the transmission 
of the signal, then using Manchester encode ensures 
that the bit stream does not have three consecutive 
zeroes or ones, avoiding longer times in the same state 
of the lights (e.g., zero or one, turn off or turn on), 
which can be realized as the flickering of the light by the 
human eye. 
R7<7:5> T_OUT 001 
Automatic time out.   
 
After a wakeup occurs, the AS3933 can automatically 
return to Listening Mode using the time out option 
(Figure 17). In this case, the duration of the time out is 
set to 50 ms. 
R7<4:0> T_HBIT 01101 
Another important configuration is the bit duration.  
This set of bits let us define the duration of a single bit. 
The wake-up signal is only triggered if two conditions 
are accomplished: the pattern received is the correct 
one and the bit duration is the expected one. The bit 
duration is a critical parameter because if a small value 
is chosen, the solar indoor panel does not detect the 
signal properly, on the other hand, if a long value is 
chosen, the transmission rate decreases and flickering 
effect might appear. 
 
Bit duration is defined as a function of clock generator 
periods (As we mention above, the frequency of the 
Clock Generator is 36.72 KHz).   With the minimum bit 
duration setting (108.932μs), no flickering problem 
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appears, however, the maximum distance that we can 
achieve from sender to receiver is found to be very 
short: around 30cm. On the other hand, when the 
maximum bit duration (871.46μs) is used, the flickering 
of light is clearly perceived by eye but instead we can 
reach distances more than 6 m with no interferences. 
 
In this case the Bit duration in Clock Generator periods 
is set to 14 (This value can be chosen from 4 to 32).  For 
the bit duration chosen of 14: 
 
     
 
       
           
(3) 
  
Then, 
                                                         (4) 
 
                        
 
Later, it is provide the detailed range evaluations for the 
chosen bit duration of 381.264μs. The bit duration 
chosen offers a balance between the distance we want 
to achieve and less pronounced flickering effects. 
R8<7:5> BAND_SEL 111 
With this parameter we set the operating frequency 
band to 15 KHz – 23 KHz.   
Table 1. Registers configuration in AS3933 
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3.1.3 Wake-up Receiver Configuration 
 
After the selection of the components, the receiver is composed mainly by an indoor 
solar panel and the AS3933 chip, enabling small footprint, very low cost receiver system.  
The configuration of receiver can be shaped in two forms, which are detailed next. 
 
3.1.3.1 Wake-up receiver configuration option 1 
 
Figure 18 shows the configuration of the receiver.  A capacitor C is used as storage of the 
power and is connected directly to the VCC and GND pins of AS3933 chip.  A diode D is used 
to prevent the capacitor from discharging through the solar cell and a resistor R where falls 
a portion of the voltage and the variation of the signal is detected.  The signal that falls in R 
is used as incoming signal and it is fed to the AS3933 through LF1P and LFN pins.  LFP1 is the 
input of antenna channel 1 and LFN is the ground for the antenna in AS3933 chip.  The pin 
distribution of AS3933 can be observed in Figure 16.  
 
 
Figure 18. Wake-up receiver configuration – option 1 
 
The diode used is the 1N4148, a high speed switching diode of general purpose.  The 
value of resistor R is 220KΩ and the capacitor C has a value of 470 μF.  The distance reached 
 
 
 
WAKE-UP COMMUNICATION SYSTEM USING SOLAR PANEL AND  
VISIBLE LIGHT COMMUNICATION           54 
for wakeup was 6.6m.  It is important to note that in this test, there were no interference 
from other light sources.  The LED used is a 10W device. 
 
At the distance of 6.6m the indoor solar panel was not able to produce the amount of 
power necessary to feed the AS3933. In this case the capacitor was able to deliver enough 
power to the AS3933 in order to continue working.   It is important to notice that, even if 
the panel was producing low power, the signal detection continues successfully.  Another 
aspect to having into account is that LED used produce low luminescence (because it is only 
one LED and the room is large), then, in a possible implementation scenario the amount of 
light produced by the LED (or set of LEDs) should be higher and longer distances could be 
reached. 
 
3.1.3.2 Wake-up receiver configuration option 2 
 
If an analysis is made of the circuits presented in Figure 16 and Figure 18, the equivalent 
circuit is the shown in Figure 19:  
 
Figure 19. Equivalent circuit for wake-up receiver 
 
From Figure 19 it is easy to observe how the indoor solar panel is feeding the AS3933 
through the LF1P pin, which is the entrance on the antenna 1.  In the datasheet of AS3933 
there is no information about the internal configuration of the chip that explains why it is 
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possible to feed the AS3933 though the LFP1 pin.  According to a block diagram in the 
datasheet, the ‘I/V Bias’ module, as it is called, is completely separated from the other 
module components in the chip.  From the configuration shown in Figure 19 the Wake-up 
receiver configuration option 2 shown in Figure 20 is derived.  Note that in AS3933 in Figure 
20 the pin names were interchanged in order to facilitate the schematic draw. 
 
 
Figure 20. Wake-up receiver configuration – option 2 
 
If enough illumination is available in the deployment place, this configuration will work as 
well as the option 1 presented before.  In this case no additional components are required, 
even the CBAT capacitor can be removed.  In this case this circuit is a prototype and already 
has been tested in indoor scenarios.  However, as there is no capacitor to regulate the 
voltage input to the chip, exposing to the direct light from the sun might cause damage to 
the AS3933 chip.  This solar panel has an open voltage of 6.07 V and a short circuit current 
of 0.737 mA when it is exposed to the light of day.  
 
3.2  Wake-up Transmitter 
 
For the design of the transmitter, there are no power restrictions on the contrary to the 
case of the receiver; however, a wireless sensor node was desirable for controlling the 
modulation of the LED due to its small footprint and low cost.   The transmitter is composed 
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of a Zolertia Z1 low power wireless module, a high power LED driver circuit module and a 
10W LED.   
 
3.2.1 Wireless Sensor Node: Zolertia Z1 
 
Wireless Sensor Node Zolertia Z1 is chosen as generator of the signal due to its low cost, 
small footprint and support for low power wireless communication protocols such as IEEE 
802.15.4 and ZigBee [8]. In this way, the developed system’s integration into existing 
environments will be fast and inexpensive.  Z1 supports several widely employed open 
source operating systems used in WSN, among them Contiki, which was the one chosen for 
the implementation.  
 
The high power LED driver circuit permits controlling the LED light through Z1 digital 
output signal. According to the signal received from Z1, the brightness of the LED is varied to 
modulate the light in the shape needed.  Figure 21 show the ports of Zolertia Z1. 
 
Figure 21. Zolertia Z1 Expansion capabilities. Taken from Zolertia Z1 Datasheet 
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In Zolertia Z1 the ports are grouped in 3 set of pins and the RF port.  These groups of 
ports are: 
 
 North port (JP1A): Intended for Analog I/O (Input/Output) 
 East port (JP1B): Intended for digital buses connectivity and some GPIOs (General 
Purpose Input/Output). 
 South port (JP1C): Intended for GPIOs and other configurable functions. 
 West port: Intended for wireless communications. 
 
For this implementation, some pins from the East port have been chosen.  A detailed 
view of East port pins is shown next: 
 
 
Figure 22. Zolertia Z1 - East Port Pins 
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From Figure 22 it is possible to observe the pin distribution in the east port and also the 
corresponding pin number in the MSP430 microcontroller, which is one of main 
components of Zolertia Z1.  This port is composed by a couple of Universal Asynchronous 
Receiver/Transmitter (UART) pins, in yellow; Serial Peripheral Interface (SPI) pins in pink; a 
couple of pins dedicated to Inter-Integrated Circuit (I2C or I2C) communication in blue; three 
pins of the Port 4 from MSP430 microcontroller in green; and one pin from MSP430 Port5, 
in orange. Pins shown in purple are dedicated to USB connections and other external 
connections.  
 
For this project the chosen ports are the green ones, the port P4.0 (pin #32), P4.2 (pin 
#30) and P4.7 (pin #27).   The microcontroller MSP430 has several I/O ports, each port has 
eight I/O pins and every pin is individually configurable for input or output direction. Also 
every pin can be individually read or written to.  With the use of a program running in the 
Contiki operating system, these ports are controlled to produce the output signal desired in 
the LED. 
 
3.2.1.1  Transmitted Signal Format 
 
For the transmission of the signal this has to be modulated in a particular form. In the 
case the pattern correlation is enabled, the shape that the transmitted signal has to take is 
shown in Figure 23. This is a requirement established in the AS3933 datasheet in order that 
the chip can identify the signal and produce the wake-up interruption.  As we can observe 
the transmitted signal has four precise steps to follow: (i) a carrier burst, (ii) a separation bit, 
(iii) a preamble and (iv) the pattern (address).  Every step has to satisfy its own requirements 
which are detailed next. 
 
 
 
 
WAKE-UP COMMUNICATION SYSTEM USING SOLAR PANEL AND  
VISIBLE LIGHT COMMUNICATION           59 
 
Figure 23. Signal format required by AS3933 
 
 
Carrier burst 
First, a carrier burst has to be sent. The minimum length that the carrier burst has to be 
transmitted depends of the frequency band chosen for the AS3933, and it is defined as a 
function of the period of the clock generator and the period of the frequency carrier: 
 
                                                                                                 (5) 
 
Where, 
Tclk = period of the clock generator 
Tcarr = period of the carrier  
 
In this project, from equation (2) it is known that fcarr=20.98 KHz, then   
                                                                 
 
     
                                                                (6) 
      
 
       
         
 
And from equation (3)   Tclk=27.233μs. 
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Then, the minimum duration of the carrier burst is: 
 
                                       (        )    (       ) 
                                            
 
 
Also, the carrier burst must be shorter than 155 periods of the clock generator, this 
means that: 
                                                           (        )       (7) 
                                            
 
Separation bit 
The second step in the signal consists in a separation bit with the length of half 
Manchester symbol. With the duration configured in the Register R7<4:0>, from equation 
(4) we get bit_duration = 381.256μs 
 
Preamble 
For the third step, minimum six bits long preamble consisting in the 101010 sequence 
follows.  From the configuration in Register R3<5:3>, the minimum length of the preamble it 
has to be of 0.8ms.  In this case, for the chosen bit_duration the preamble last 2.29ms, 
complying with the minimum specified. 
 
Pattern 
Finally the fourth step is the transmission of the pattern. After the reception of this 
signal, if the pattern is the same with the one configured in the R5 and R6 AS3933’s registers 
and the bit duration is the one expected, a wake-up interrupt will be generated at reception 
side. 
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3.2.2 Transmitter Drive Module 
 
At the beginning of the project the LED driver controller used was the Analog Evaluation 
Module developed by Texas Instruments.  This driver permits enter a digital signal like the 
generated by Zolertia Z1 and the module translate its voltage to an equivalent and higher 
current in order to modulate the LED.  However, due to the restrictions for the generation 
of signals with different levels of intensity of light that this device has, it was decided to 
change this device.  The option was to design a LED Drive circuit with the capacity of 
generate a signal with different levels of voltage.  Many configurations were tried, but finally 
the chosen one is shown in Figure 24. 
 
Figure 24.  Transmitter Drive Module 
 
The LED drive circuit is shaped by a summation stage, a voltage divider and the LED drive 
controller, shown in Figure 25.  The adder circuit is able to take the entrance of the three 
Zolertia Z1 ports and add them.  The values of the resistors have been chosen of 15KΩ in 
order to protect the Zolertia module, because the amount of current exiting from all the 
output pins of Z1 has not be greater than 1.5 mA [8].  The voltage provided for each port 
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(P4.0, P4.2 and P4.7) is 3V, then with the resistor values of 15KΩ the current delivered for 
each port is only 0.2mA, for a total of 0.6mA.  The other resistors in the circuit have been 
chosen also of 15 KΩ in order to have a proportional output from every one of the inputs. 
 
 
Figure 25. Transmitter modules 
 
Zolertia Z1 is able to produce only digital signals with the levels of 0 volts and 3 volts (for 
low and high logical levels, respectively), which becomes a restriction for the generation of 
complex signals.  The election of the adder circuit will help us with the generation of signals 
of different shapes and therefore different levels of intensity; all this with the objective of 
avoid flickering.  In Figure 26 are shown some examples of the signals that can be generated 
using three ports.   
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Figure 26. Example of signals generated using the adder circuit 
 
The maximum level of the added signal is 9V then a simple voltage divisor is used after 
the adder circuit, as shown in Figure 25, dividing the output into two.  Finally, the LED drive 
controller uses a NPN transistor used to convert the variation of voltage in their Base 
connection into a proportional variation of the current that flows through the Collector-
Emitter connections.  
 
It is important to note that with this circuit, the signal can be generated by Zolertia or any 
other digital device. 
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4. PERFORMANCE EVALUATIONS 
 
4.1 Proof-of-concepts results 
 
In Figure 27 illustrative screenshots of the signal at different stages of the system are 
depicted. More precisely, the signal delivered by the transmitter, the signal after the indoor 
solar panel, and the wake-up signal, i.e., the signal at the wake-up interrupt pin at the end 
of receiver are included. In Figure 27(a) the top line shows the transmitted signal, which 
matches with the signal format shown in Figure 23. In the bottom line we can see the signal 
after the indoor solar panel. 
 
In Figure 27(b) a more detailed screenshot of the signals is shown. In the top signal the 
carrier burst, the separation bit and part of the preamble (the bits 1010) are shown. In the 
bottom line a detailed waveform of the signal detected by the indoor solar panel is shown. 
In Figure 27(c), the top line shows the full transmitted signal, and the bottom line verifies 
that the wake-up signal is indeed generated at the end of receiver after the reception of the 
whole transmitted signal and the address matching. 
 
These proof-of-concept evaluations are done in the presence of fluorescent light with a 
measured intensity of 200 lux, which creates interference on the transmission of the 
modulated light. The interference from the fluorescent light is observable from the shapes 
of the bottom line signals in both Figure 27(a) and Figure 27(b). Note the 100 Hz frequency 
from this interference source of artificial light, which is the common frequency used for 
fluorescent light in Europe. 
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(a) Top line: Transmitted signal. Bottom line: Indoor solar panel received signal 
 
 
(b) Zoomed view. Top line: Transmitted signal. Bottom line: Indoor solar panel received signal 
 
 
 (c) Top line: Transmitted signal. Bottom line: Wake-up signal generated 
 
Figure 27. Transmitted signal, the signal after the solar panel, and the wake-up signal 
generated with interference from fluorescent light 
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4.2 Flickering characterization  
 
One of the challenges in Visible Light Communications is the flickering which may appear 
when the source of light is modulated.  In order to characterize the flickering some tests 
were performed.  The first test was evaluating the kind of signal generated by the Zolertia 
Z1 and how it induces flickering.  A second test was made in order to understand how 
dimming affects the range of the system.  A third test helps us to measure the amount of 
light generated by every part of the frame.  Finally a fourth test was made in order to 
control inter-frame flickering.    
 
First test 
 
In the system proposed, flickering appears due to the lower frequencies (i.e., higher bit 
durations) used in the transmission of the signal and also due to the use of Zolertia Z1 for 
the generation of the signal.  The frequencies used have been chosen having into account 
the characteristics in the response of the indoor solar panel.  In the case of Zolertia Z1, this 
device is producing flickering because sometimes the Zolertia Z1 introduces some “gaps” 
into the signal as can be observed in Figure 28.  The gaps introduced are due to that Contiki 
kernel does not really provide multi-threading, instead of that an event-driven programming 
is implemented and the process run in cooperative context, whereas the interrupts and 
real-time timers run in the preemptive context.  In cooperative context the kernel wait for 
the finalization of the task but in preemptive context the kernel temporarily interrupt the 
task being carried out in order to execute another task of higher priority level.  The 
interrupted task is resumed at a later time [33, 34, 35, 36]. 
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Figure 28. Gap in signal of 21 KHz generated by Zolertia Z1 
 
 
A test was carried out using the Zolertia Z1 for the generation of a constant signal of 21 
KHz of frequency.  The signal was fed to the LED diver module of Texas Instruments.  A 
flickering appears in the LED, even accomplishing the rule of the use of a frequency with a 
period lower than 5ms like was mentioned above (for a signal of 21 KHz of frequency, the 
period is 0.0047ms).  The test was repeated generating the signal with a Function 
Generator, and using again a frequency of 21 KHz.  In this second case no flickering appears 
in the LED.   
 
As conclusion of this first test it is possible to infer that in order to avoid flickering, maybe 
Zolertia Z1 is not the best device for the generation of the signal, because it introduces gaps 
in the frame that are perceived by human eye as flickering.  
 
Second test 
 
One of the methods for flickering mitigation is dimming the light of the LED.  With the 
aim to observe the effect of the dimming, a signal was generated using different levels of 
dimming.  Three signals were used, each one with the format of the signal required by the 
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AS3933 but with three different levels of dimming.  The signals tested are shown in Figure 
29.   
 
 
(a) Signal with Vpp of 2V 
 
(b) Signal with Vpp of 1V 
 
 (a) Signal with Vpp of 0.6V 
Figure 29.  Signal with different levels of dimming 
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This test was made in the presence of interference from the fluorescent light in the 
laboratory, using the configuration in Figure 18.  In the case of Figure 29(a) the Vpp has 
amplitude of 4V and not dimming is applied to the signal.  The distance of a successful 
wake-up reached was of 60 cm.  In the second case, Figure 29(b) the signal is dimmed with a 
Vpp of 2V.  In this case the flickering decreases slightly and the distance reached is 38 cm.  
Finally, with the signal shown in Figure 29(c), which has a Vpp of only 0.6V, few flickering is 
perceived in the LED; however no wakeups are trigger at any distance.    
 
From this second test it is possible conclude that even if the flickering is considerably 
reduced, in order to reach longer distances it is necessary avoid dimming the signal in a high 
proportion.  
 
 
Third test 
 
Using the light sensor from a mobile device a measure of the amount of light generated 
for every part of the frame was taken.  The results are shown in the Table 2.   In this case 
independent signals were tested and the intensity of light generated for each one was 
measured.  The signals tested used a frequency of 21 KHz, a signal with OOK modulating 
format using the bit duration defined for this project and a frequency of 2.625 KHz which 
corresponds to the bit rate.   As point of reference also the intensity of light was measured 
when any signal is transmitted, this is when the light is feed by a constant DC signal; and the 
intensity of light when no source of light is on (into the darkness).  The measure was taken 
from a distance of 1 m and with no interference from other sources of light.  The device 
used is the GP2A Light Sensor manufactured by Sharp.  The sensor has 0.75 mA of operating 
current, the maximum range of the light sensor is 646239.5 and the application used is Lux 
Light Meter. 
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No Signal Description Lux 
1 
 
Signal of 21 KHz. This signal 
corresponds to the 
frequency of the carrier 
signal.  The frequency is 
modulated with OOK. 
51.51 
2 
 
Carrier of 21 KHz 
modulated using OOK.  The 
bit duration of this signal is 
8 times the period of the 
carrier frequency.   
65.89 
3 
  
The bit rate frequency was 
also tested, corresponding 
to a frequency of 2.625 
KHz.  Each bit corresponds 
to 8 times the frequency 
carrier. 
44.75 
4 
 
For comparison purposes 
the light intensity was also 
measured when LED is 
always on, this is without 
transmitting any signal.  
This is the maximum 
intensity of light value 
achieved with the LED to 
1m. 
84.29 
.
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5 
 
With the LED off (into the 
darkness), the minimum 
amount of light in the test 
room. 
4 
Table 2. Signals measured with the Lux Light Meter 
 
From this test it is possible to observe that the signal number 2 from Table 2, the OOK 
modulated signal is the one with the highest illuminance level, even higher than the carrier 
frequency of 21 KHz (signal number 1). This can be explained by the fact that in the OOK 
modulated signal the half of the time the light remains in the higher level of intensity (the 
moments corresponding to the logical zero).    
 
Also, measuring the artificial light of the laboratory (fluorescent lights), this have a value 
around 200 lux.  The measure was taken from a distance near to 2m from the fluorescents 
lights in the laboratory´s ceiling.  If we compare the 200 lux (at 2m) produced by the 
fluorescent lights in the laboratory with the 84.29 lux (at 1m) produced by the LED, we can 
also understand why in the experiments developed the interference produced by the 
artificial light is so high. 
 
Fourth test 
 
As it was mentioned earlier, flickering is the variation of the brightness in the source of 
light, which is detected by human eye and can cause annoying effects. Flickering may 
appear in two moments in the transmission: intra-frame flickering or inter-frame flickering.   
Accordingly with [29] for intra-frame flickering is recommended to split the frame in sub-
frames and add some “compensation bits” between them, this is between sub-frames.  The 
compensation bits will help to maintain the same brightness in the source of light during the 
transmission of the frame.  In the case of this implementation, it is not possible to add 
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compensation bits inside the frame, because it is required to accomplish the requirements 
in the frame format for wakeup the AS3933.  Also the use of Manchester encoded is 
proposed for intra-frame flickering mitigation. 
 
In this implementation, instead of adding compensation bits inside the frame, it is 
proposed to dim the signal in some points, helping to maintain the level of brightness in the 
LED.   In Figure 30 the signal using the two formats is shown:  Figure 30(a) shows the signal 
without dimming and Figure 30(b) presents the proposed signal applying compensation in 
the logic zero bits.  It is important also to note that Manchester encoded is already 
implemented in the frame. 
 
 
(a) Signal without dimming 
 
 (b) Signal with dimming applied to the logic zero bits 
Figure 30. Intra-frame flickering compensation 
 
For interframe flickering compensation, it is necessary to introduce an idle pattern 
between frames. The idle pattern chosen has the same format of the frame in order to 
conserve the same level of brightness, this is, the idle pattern is also conform by a carrier 
burst + separation bit + preamble bits + pattern bits (or wakeup code) and using a different 
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code in the pattern.  Then a data stream is built following the format shown in Figure 31, 
where the wakeup frames are included between a data stream of idle patterns.   
 
 
Figure 31.  Data stream format 
 
A measurement of the amount of lux generated by this data stream was taken.  In these 
cases, the signal generated by Zolertia Z1 has the 3 levels mentioned earlier, and has the 
shape shown in Figure 30(a) and (b).   For the generation of the frame we used: (i) the data 
stream using frames without dimming  and (ii) the data stream using frames with dimming 
in the logic zero bits, as it was explained above.  The results are shown in Table 3.  Again a 
distance of 1 m between the LED and the light meter was established.  
 
No. Description Lux 
Case (i) Data stream (Figure 31) using frames without dimming  
(Figure 30 (a)) 
47.5 – 65.5 
Case (ii) Data stream (Figure 31) using frames with dimming in the 
logic zero bits (Figure 30 (b)) 
45.5 – 53.5 
Table 3. Illumination level of the data stream using different levels of dimming in the frame 
 
As can be observed in the results presented in Table 3, in the case (ii) the variation in 
illuminance is less than in case (i).  Also, in case (i) the illuminance range varies between the 
values reached by a signal of 21 KHz (Table 2 – signal No. 1) and a signal modulated using 
OOK (Table 2- signal 2).  In case (ii) the lux levels are closer to the ones reached by a signal of 
21 KHz accomplish a more stable signal. 
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It is important to mention that other idle patterns were also tested (i.e. Manchester 
symbols, frequency of 21 KHz, frequency of 2.65 KHz among others, all with different levels 
of dimming) but most of them does not mitigate flickering as the idle pattern chosen.  Also, 
it is important to signal that flickering can be originated for the use of Zolertia Z1. 
 
As conclusion of this test it was decided to use the signal dimming the frame in zero logic 
bits for intra-frame flickering mitigation, and use the idle pattern described for interframe 
flickering mitigation.  The dimming in the signal is applied to the wakeup frame and also to 
the idle pattern. 
 
4.3 Format of the Signal  
 
After this entire test, the format of the wakeup signal is the shown in the capture of 
Figure 32.  As it was commented above, in order to avoid flickering it is necessary to 
modulate the signal in a way that the brightness of the light can be changed and 
corresponds in every moment to the same level of perceived intensity.  For the generation 
of the signal, the ports P4.0, P4.2 and P4.7 from Zolertia Z1 show in Figure 22 are used.  The 
objective of using three ports is the possibility of create a signal of three levels of intensity 
of brightness.  Observe that with the Zolertia ports it is possible generate only square signals 
putting the pins in high or low level, becoming this in a restriction of the system.   
   
The program that generates the signal in Z1 was developed in the programming language 
C and run over the operating system Contiki. The code source for the generation of the 
signal is attached in Appendix A.  The signal generated has the shape presented in Figure 32.  
 
 
 
 
WAKE-UP COMMUNICATION SYSTEM USING SOLAR PANEL AND  
VISIBLE LIGHT COMMUNICATION           75 
 
 (a) Comparison between AMS proposal and our proposal 
 
(b) Capture of the transmitted signal 
Figure 32.  Transmitted signal Format 
 
 
 
 
WAKE-UP COMMUNICATION SYSTEM USING SOLAR PANEL AND  
VISIBLE LIGHT COMMUNICATION           76 
In Figure 32(a) the Austrianmicrosystem (AMS) proposal for the signal and our proposal 
are depicted. We propose a change in the way the signal is sent: as we are working with 
light, the default state (or zero logic bits) of the signal should have a “higher level” than the 
one proposed by AMS. With this small change the lights are in “on” state for longer, which 
brings several advantages such as the flickering is reduced; the indoor solar panel has more 
light to harvest and the AS3933 behavior is not affected by this change.  In Figure 32(b) the 
capture show the transmitted signal and the corresponding wake-up signal generated. 
 
4.4 Wake-up Range Evaluations 
 
The first test made to the device was for the determination of the distances achieved.  
The range evaluation was developed with bit duration of 381.264 μs which is the value 
finally chosen for this implementation; however a range evaluation with bit duration of 
755.786 μs was also performed.  The bit duration was selected in order to accomplish two 
important issues: with shorter bit duration the flickering in the source of light is lower, and 
with shorter bit duration it is possible to reach a higher transmission bit rate.   The test was 
developed when optical interferences exist from other sources of light. The configuration 
used for the receiver is the one show in Figure 18.  In this case a full signal (carrier burst + 
separation bit + preamble + pattern) was sent or in other words, we set the internal 
correlator from AS3933 setting to ON.  The results are shown in Figure 33.  With the short 
bit duration a maximum distance of 0.6 m was reached and with the longer bit duration the 
maximum distance is found to be 3.1 m.  Note that the wake-up probabilities fall down 
sharply once the distance limit is reached.  We calculate the wake-up probabilities at 
different distances by sending the full signal 50 times with a fixed delay in between the 
signals and then counting the number of times that a wakeup interrupt is generated.  The 
program used for counting the wake-ups is provided in Appendix C.    
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Figure 33. Probability of wake-up vs. distance for short and long bit duration, under 
interference from fluorescent light with correlator setting of ON. 
 
A second test with the developed system was done to evaluate the wake-up distances for 
the case of no interference and using the two possible configurations for the transmitted 
signal. Again the receiver configuration is the one shown in Figure 18.  In the first 
configuration a signal with carrier burst, separation bit, preamble and pattern was sent 
(correlator ON), using the two different bit durations used.  We identify the probability of 
the successful wake-up of the signal versus the distance from transmitter to receiver. In a 
similar way, in the second configuration only a carrier burst with frequency of 21 KHz was 
sent, i.e., with the correlator OFF. In both cases the measurements were taken without 
interferences. The results are shown in Figure 34. With the correlator ON we reach a 
distance of 14m for the case of long bit duration, and 7m for the case of short bit duration; 
and with the correlator OFF and using a burst carrier of duration 300 carrier frequency 
periods, the maximum distance achieved was 15.5m. As it was expected, the distance 
reached with the correlator OFF is longer because the AS3933 only have to identify the 
presence of a frequency of 21 KHz and is not affected by the bit duration or the format of 
the frame. The far distance reached with the longer bit duration can be explained by the 
fact that each bit has a longer exposition and consequently a higher strength in the source 
of light.   Again we observe that the wake-up probability falls down quickly once the limited 
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distance is reached. Note that, the no interference case is a realistic scenario for the indoor 
applications where all the lights are coordinated.   
 
The flickering in the LED is lower for the case of short bit duration than for the case of 
long bit duration.  In the case of short bit duration, the perception of flickering is mainly 
noticed near to the LED. Also, it is important to mention that this test was also developed 
powering the AS3933 with the help of a USB instead of the indoor solar panel.  In both cases 
the distances reached are the same.  
 
 
Figure 34. Probability of wake-up vs. distance for the correlator ON and OFF settings, for 
short and long bit duration and under no interference scenario 
 
A test with the correlator OFF and with interferences was also performed. In this case a 
high number of false wake-ups is observed due to the optical noise of the test environment. 
This shows how important it is to use the correlator in order to avoid an undesirable 
behavior of the system.  Also, tests with shorter bit durations were developed but the 
maximum distances reached, of around 1 m without interferences, are very short for the 
purposes of this system. 
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A final test was developed using the options 1 and 2 for the configuration of the receiver, 
presented earlier in Figure 18 and Figure 20 respectively.  The test was developed without 
interference.  In this case, using the receiver configuration – option 2 (Figure 20) a maximum 
distance of 60 cm was reached; however using the same configuration but with the receiver 
been fed using the micro USB cable as source of power,  a distance of 7 m was reached.  In 
the case of receiver configuration – option 2 (Figure 18), once the capacitor is charged the 
maximum distance reached is also 7 m.  Figure 35 shows the result of this test. 
 
Figure 35. Probability of wake-up vs. distance for the correlator ON for the different 
receiver configuration under no interference scenario 
 
The short distance reached with the configuration of receiver - option 1 is easily 
explained by the fact that with the indoor solar panel it is not able to harvest enough power 
for the operation of AS3933 from the amount of light emitted by this single LED at longer 
distances.     
 
According to test results, the distances achieved by the developed system are enough for 
many indoor applications, such as asset control, tracking of devices, security systems, and 
others.    
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5. CONCLUSIONS AND FUTURE WORK 
 
A wake-up receiver system using VLC has been presented. The use of VLC for 
communication avoids the problem of radio interferences with other communication signals 
and preventing the congestion in the radio channels. Also, the wakeup receiver offers an 
immediate response to a call and avoids the unnecessary wakeups of the wireless node 
waiting for a possible incoming transmission.  In the test performed a distance of 7m is 
reached, which is the standard longitude for VLC communications, however using longer bit 
durations it is possible to reach longer distances of around 14m which exceed the range of 
distance.  This ranges were accomplished through the use of an indoor solar panel for 
harvesting the energy for the wake-up device operation as well as the reception of the 
signal.   
 
The system also includes the important characteristic of the use of an indoor solar panel 
as device receptor of the signal, allowing the use of the indoor solar panel for a different 
purpose than the one it was built for. Additionally, the wakeup receiver uses the indoor 
solar panel for harvesting energy from the light, becoming the first wake up receiver with 
this characteristic.  Also, the use of an indoor solar panel permits harvest from the light the 
necessary power for the independent operation of the device.  This allows the wake-up 
receiver to be in constant and independent activity without affecting the amount of battery 
of the wireless node, saving in this way significant power and consequently extending the 
lifetime of the device connected to wake-up receiver and the network.  
 
However, using an indoor solar panel in the system also brings a set of new issues and 
challenges, for example, the restriction in the use of low frequencies for the transmission 
and consequently lower bit rates; and the use ultra-low power components for the 
receptor.   In addition, the test made over a small and a large indoor solar panel shows a 
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better response for the small one. This will permit the use of the system in applications 
where the small size of the devices is a desirable characteristic.   
 
Also the successful use of the device is shown to generate a wake-up signal using a 
pattern or address for the receiver. This makes this system useful in deployments where this 
is a desirable characteristic.  Nevertheless, it was show that the wake-up receiver can also 
generate a wake-up signal using the carrier burst, which can be useful in environments 
where it is desirable to wake up several devices at once.   
 
Flickering mitigation is still a challenge that should be continued to be investigated.  In 
this project the flickering was minimized through several actions.  First, for intra-frame 
flickering mitigation the use of Manchester encoding permits balance the intensity of light in 
each Manchester symbol transmitted.  Second, for interframe flickering mitigation an idle 
pattern with the same format of the frame is transmitted, helping to preserve the intensity 
level of light.  Third, for intra-frame and interframe flickering mitigation, the zero logic bits 
in the frames were dimming or set to a lower level of intensity, also with the objective of 
preserve the brightness in the LED along the transmission of the stream.  Fourth, another 
action taken in order to reduce flickering is the use of a shorter bit duration time although 
the reached distance is affected. Finally, a fifth modification was the change to the length of 
the signal sent: we change the 16 Manchester symbols in the pattern, i.e., 32 bits, to a 
pattern of 8 Manchester symbols or 16 bits.  
 
Two options of configuration were developed for the wake-up receiver.  Tests were 
conducted and showed that the two configurations have similar results and can be used 
accordingly with the application and the place of deployment. 
 
The use of this device inside a building permits to be applied without many modifications 
over the existent electrical system, since the Zolertia Z1 can be easily attached to any LED 
and through the use of the LED drive module it is able to generate a signal with the address 
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or code for any node in the network, facilitating the deployment of this solution.  Also 
notice that the LED drive module can be used also with any other digital device apart of the 
aforementioned Zolertia Z1.  
 
It is important to mention that upon the triggering of the wake up signal, it is possible to 
transmit data using as downlink the VLC channel, and this would be an interesting topic for 
future work.  Also, the study of flickering mitigation in VLC communications can be 
furthered, along with the developing of a transmitter with more levels of dimming, and the 
possibility of inserting compensation bits inside the frame.  
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Appendixes 
Appendix A.  Code for the generation of the signal using several ports. 
 
/*  protocol_SP.c 
This program generates the protocol required for AS3933 using Several 
Ports.  
In this program each one of Ports 4.0 4.2 y 4.7 generates a signal, 
which are added externally with the use of an adder circuit, generating 
the 
wakeup signal. 
 
Program developed by: Carolina Carrascal R. 
Thesis proyect: Wakeup receiver system using Solar Panel and Visible Light 
                Communications 
Year: 2014 
*/ 
 
#include "contiki.h" 
#include "dev/leds.h" 
#include <stdio.h> 
 
//Configuration for Port 4.0 
#define P40_OUT() P4DIR |= BV(0) 
#define P40_IN() P4DIR &= ~BV(0) 
#define P40_SEL() P4SEL &= ~BV(0) 
#define P40_IS_1 (P4OUT & BV(0)) 
#define P40_WAIT_FOR_1() do{}while (!P40_IS_1) 
#define P40_IS_0 (P4OUT & ~BV(0)) 
#define P40_WAIT_FOR_0() do{}while (!P40_IS_0) 
#define P40_1() P4OUT |= BV(0) 
#define P40_0() P4OUT &= ~BV(0) 
 
//Configuration for Port 4.2 
#define P42_OUT() P4DIR |= BV(2) 
#define P42_IN() P4DIR &= ~BV(2) 
#define P42_SEL() P4SEL &= ~BV(2) 
#define P42_IS_1 (P4OUT & BV(2)) 
#define P42_WAIT_FOR_1() do{}while (!P42_IS_1) 
#define P42_IS_0 (P4OUT & ~BV(2)) 
#define P42_WAIT_FOR_0() do{}while (!P42_IS_0) 
#define P42_1() P4OUT |= BV(2) 
#define P42_0() P4OUT &= ~BV(2) 
 
//Configuration for Port 4.7 
#define P47_OUT() P4DIR |= BV(7) 
#define P47_IN() P4DIR &= ~BV(7) 
#define P47_SEL() P4SEL &= ~BV(7) 
#define P47_IS_1 (P4OUT & BV(7)) 
#define P47_WAIT_FOR_1() do{}while (!P47_IS_1) 
#define P47_IS_0 (P4OUT & ~BV(7)) 
#define P47_WAIT_FOR_0() do{}while (!P47_IS_0) 
#define P47_1() P4OUT |= BV(7) 
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#define P47_0() P4OUT &= ~BV(7) 
 
 
#define LENGTH_BURST 100  // Length of the carrier burst 
#define BIT_DURATION 8   // Bit duration in carrier burst times. Number of 
       // times that the carrier frequency 
                         // cross in time defined by AS3933 datasheet 
 
static uint16_t usec; 
static int n; 
 
void frequency_off(); 
void frequency_on(int duration); 
 
 /*---------------------------------------------------------------------*/ 
 /* We declare the processes */ 
 PROCESS(protocol_process, "Protocol Several ports process"); 
 
 /* We require the processes to be started automatically */ 
 AUTOSTART_PROCESSES(&protocol_process); 
 /*---------------------------------------------------------------------*/ 
 
 
 PROCESS_THREAD(protocol_process, ev, data) 
 { 
    PROCESS_BEGIN(); 
    P40_OUT();// pin 40 is defined as output 
    P40_SEL();// 
    P42_OUT();// pin 40 is defined as output 
    P42_SEL();// 
    P47_OUT();// pin 40 is defined as output 
    P47_SEL();// 
 
 
    static struct etimer timer; 
    static int codeID[8] = {1,1,1,0,1,1,1,1}; 
    static int frame2[8] = {0,0,0,1,0,0,0,0}; 
    static int i = 0; 
    static int cont = 0; 
    static int m = 0; 
 
    // If the correlator is activated in the AS3933, then:  
    //                                   (a) Send Carrier Burst 
    //                                   (b) Send a Separation Bit 
    //                                   (c) Send Preamble 
    //                                   (d) send Pattern 
 
    while(1){ 
    // while(cont<50){  //For sending 50 frames for probability   
                        //calculation 
        // cont++; 
 
        // (a) Send Carrier Burst 
        // Send a carrier burst of 21Khz for LENGTH_BURST times 
     frequency_on(LENGTH_BURST); 
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        // (b) Send a Separation Bit.  A logical zero is send. 
        frequency_off(); 
 
        // (c) send Preamble. 6 bits (101010) 
        for (i = 0; i < 3; i++){ 
            frequency_on(BIT_DURATION);  // One 
   frequency_off();             // Zero 
  } 
 
  // (d) Send Pattern Manchester coded 
  for (i = 0; i < 8; i++){ 
   if (codeID[i] == 0){  // If the bit is 0, then send 01 
    frequency_off();             // Zero 
    frequency_on(BIT_DURATION);  // One 
   }else{                // If the bit is 1, then send 10 
    frequency_on(BIT_DURATION);  // One 
    frequency_off();      // Zero 
   } 
  } 
 
 
  // Now I send a stream of bits for inter flickering  
// compensation. The format of the stream has the same  
// structure of the frame, but uses a different code in the  
// Pattern.  
 
  for(m=0; m<50 ; m++){  // Send m frames for compensation with 
     // the format: carrier burst +  
     // separation bit + preamble + pattern  
     // (different pattern) 
 
   // (a) Send the carrier burst of 21KHz 
   frequency_on(LENGTH_BURST); 
 
   // (b) send a bit separation. 
   frequency_off(); 
 
   // (c) send preamble - 6 bits (101010) 
   for (i = 0; i < 3; i++){ 
    frequency_on(BIT_DURATION);  // One 
    frequency_off();             // Zero 
   } 
 
   // (d) Send pattern Manchester coded 
   for (i = 0; i < 8; i++){ 
    if (frame2[i] == 0){   // If the bit is 0, then  
// send 01 
     frequency_off();              // Zero 
     frequency_on(BIT_DURATION);   // One 
    }else{                 // If the bit is 1, then  
// send 10 
     frequency_on(BIT_DURATION);   // One 
     frequency_off();              // Zero 
    } 
   } 
  } 
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    } 
    PROCESS_END(); 
 } 
 
 
/************************************************************************/ 
// Function frequency_off.  Represents the Zero in OOK modulation. 
void frequency_off(){ 
    for(n=0; n < BIT_DURATION; n++){ 
        P40_1(); // pin 40 outputs a 1  
        P42_1(); // pin 42 outputs a 1 
        P47_0(); // pin 42 outputs a 0   //This bit is change to zero for  
                       //intra-frame flickering  
//mitigation 
   //The next code permits "do nothing" for an amount of time  
  //defined in usec  
   usec = 46;   //46 = double of times on On (23) 
        while(usec > 3)   // 2 cycles for compare 
        {                 // 2 cycles for jump 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            usec -= 2;    // 1 cycles for optimized decrement 
        } 
    } 
 } 
 
  
  
/************************************************************************/ 
// Function frequency_on.  Represents the One in OOK modulation. 
 void frequency_on(int duration){ 
    for(n = 0; n < duration; n++){ 
        P40_1();// pin 4.0 outputs to 1 
        P42_1();// pin 4.2 outputs to 1 
        P47_1();// pin 4.2 outputs to 1 
        usec = 23;   //23 ->  21KHz 
        while(usec > 3)   // 2 cycles for compare 
        {                 // 2 cycles for jump 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            usec -= 2;      // 1 cycles for optimized decrement 
 
 
 
WAKE-UP COMMUNICATION SYSTEM USING SOLAR PANEL AND  
VISIBLE LIGHT COMMUNICATION           92 
        } 
   
        P40_0(); // pin 4.0 outputs a 0 
        P42_0(); // pin 4.2 outputs a 0 
        P47_0(); // pin 4.2 outputs a 0 
        usec = 23; 
        while(usec > 3)   // 2 cycles for compare 
        {                 // 2 cycles for jump 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            usec -= 2;    // 1 cycles for optimized decrement 
        } 
    } 
 } 
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Appendix B.  Configuration of AS3933 chip.  
 
/*Configuration program of AS3933 
 * */ 
#include <msp430g2452.h> 
#include <stdint.h> 
 
volatile uint16_t SPI_answers[10]; 
volatile uint8_t i = 0; 
 
//#define PORT1_UNUSED_PINS (BIT0 + BIT1 + BIT2 + BIT3 + BIT4 + BIT5 + 
BIT6); 
#define ESPERAR_QUE_SPI_ACABI  while(!(USICTL1 & USIIFG)); 
 
// chip SPI structure: 
 // 00b write / 01b read / 11b direct command 
 // xxxxxb reg_number / direct command 
 // xxxxxxxxb data 
 
void main(void) 
{ 
  WDTCTL = WDTPW + WDTHOLD;     // Stop watchdog timer 
 
P1DIR = 0xFF; // All P1.x outputs, it saves energy  
// MSP430x2xx Family User's Guide 
 P1OUT = 0;    // All P1.x reset 
 P2DIR = 0xFF;   // All P2.x outputs 
 P2OUT = 0;    // All P2.x reset 
 P1SEL |= 0xE0; 
 
// Port, SPI master 
 USICTL0 |= USIPE7 +  USIPE6 + USIPE5 + USIMST + USIOE + USISWRST;  
 USICKCTL = USIDIV_4 + USISSEL_2;      // /16 SMCLK 
 USICTL0 &= ~USISWRST;                 // USI released for operation 
 USICTL1 &= ~USIIFG; 
 
 // general interrupt enable for receiving the SPI responses when  
// USICNT has been emptied 
 USICTL1 |= USIIE; 
 __enable_interrupt(); 
 
 //---- SPI WRITE SECTION 
 
 //R0<7>=1 Pattern extended to 32bits (0=16bits   1=32bits /  
//                                        Manchester symbols) 
 //R0<5>=0 On/Off operation mode. 
 //R0<3:1>=001. Enable only channel 1. 
 // write in R0 00000000b, data  = 00000010b 
 P1OUT |= 0x10; USISR = 0x0002; USICNT |= 0x50;  
      // strobe CS, SPI WRITE & USI16B + 16 bits to transfer 
 ESPERAR_QUE_SPI_ACABI 
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 //R1<5>=1 ACG operating in both direction. 
 //R1<3>=1 Manchester decoder enable.   enable=0  disable=1 
 //R1<2>=1 Double wakeup pattern correlation.  single pattern=0    
      //                                            double pattern=1 
 //R1<1>=1 Correlator enable.                  
 //R1<0>=0 Cristal oscillator disable. 
 // write in R1 00000001b, data  = 00101010b 
 P1OUT |= 0x10; USISR = 0x012A; USICNT |= 0x50;  
// strobe CS, SPI WRITE & USI16B + 16 bits to transfer 
 ESPERAR_QUE_SPI_ACABI 
 
 //R2<3:2>=11. In order to have the Clock Generator on CL_DAT pin 
 //R2<5>=1 gain amplifier on 
 // write in R2 00000010b, data = 00100000b 
 //P1OUT |= 0x10; USISR = 0x022C; USICNT |= 0x50;  
// strobe CS, SPI WRITE & USI16B + 16 bits to transfer 
 P1OUT |= 0x10; USISR = 0x0220; USICNT |= 0x50;  
// strobe CS, SPI WRITE & USI16B + 16 bits to transfer 
 ESPERAR_QUE_SPI_ACABI 
 
 //R3<5:3>=111 minimum preamble length 3.5ms.  100=2.3ms default                   
 //R3<2:0>=111 Symbol rate [manchester symbol/s] = 512   110=655  
//symbols/s       
 // write in R3 00000011b, data  = 00000110b 
 P1OUT |= 0x10; USISR = 0x0306; USICNT |= 0x50; 
 ESPERAR_QUE_SPI_ACABI 
 
 
 //R5<>   Wakeup pattern - 2nd byte 
 // write in R5 00000101b, data  = 10101010b 
 // strobe CS, SPI WRITE & USI16B + 16 bits to transfer 
 P1OUT |= 0x10; USISR = 0x05AA; USICNT |= 0x50; 
 ESPERAR_QUE_SPI_ACABI 
 
 //R6<>   Wakeup pattern - 1st byte 
 // write in R6 00000110b, data  = 10101001b 
 P1OUT |= 0x10; USISR = 0x06A9; USICNT |= 0x50;  
// strobe CS, SPI WRITE & USI16B + 16 bits to transfer 
 ESPERAR_QUE_SPI_ACABI 
 
 //R7<5:7>=111 Automatic timeout = 350ms. After this time returns to  
      //listening mode. 100=200ms  010=100ms 001=50ms OPTIMIZAR 
//R7<4:0>=11111 Duration of the bit = 32 clock generator periods.  
//01011=12 clocks  11011=28             OPTIMIZAR 
 // write in R7 00000111b, data  = 01010100b 
 //P1OUT |= 0x10; USISR = 0x075B; USICNT |= 0x50;  
      // strobe CS, SPI WRITE & USI16B + 16 bits to transfer  N=16  
 //P1OUT |= 0x10; USISR = 0x0783; USICNT |= 0x50;   // N=2 
 //P1OUT |= 0x10; USISR = 0x0786; USICNT |= 0x50;  // N=4 
 P1OUT |= 0x10; USISR = 0x072D; USICNT |= 0x50;  // N=8 , 50ms 
 //P1OUT |= 0x10; USISR = 0x0754; USICNT |= 0x50; // N=12 
 ESPERAR_QUE_SPI_ACABI 
 
 //R8<5:7>=111 15-23Khz band. 
 //R8<2:0>=000 No artificial wakeup.  010 = cada 5 seg.   
//     001= cada 1 seg.  011= cada 20 seg 
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 // write in R8 00001000b, data  = 11100000b 
 P1OUT |= 0x10; USISR = 0x08E0; USICNT |= 0x50;  
// strobe CS, SPI WRITE & USI16B + 16 bits to transfer 
 ESPERAR_QUE_SPI_ACABI 
 
 //R16<7>=1 Clock Generator signal on CL_DAT pin 
 //R16<4>=1 Sets the RC-oscillator to maximum frequency 
 //R16<5>=1 Sets the RC-oscillator to minimum frequency 
 // write in R16 00010000b, data  = 00000000b 
 //P1OUT |= 0x10; USISR = 0x10A0; USICNT |= 0x50;  
// strobe CS, SPI WRITE & USI16B + 16 bits to transfer 
 //P1OUT |= 0x10; USISR = 0x1090; USICNT |= 0x50;  
// maximum frequency 
 P1OUT |= 0x10; USISR = 0x1000; USICNT |= 0x50; 
 ESPERAR_QUE_SPI_ACABI 
 
 
 //---- SPI READ SECTION 
 
 // read 01001110b R14 
 //R14<7> Unsuccessful RC calibration 
 //R14<6> Successful RC calibration 
 //R14<5:0> RC-oscillator taps setting ?? 
 P1OUT |= 0x10; USISR = 0x4E00; USICNT |= 0x50;  
// strobe CS, SPI READ & USI16B + 16 bits to transfer 
 ESPERAR_QUE_SPI_ACABI 
 
 // read 01001010b R10  RSSI channel 1 
 P1OUT |= 0x10; USISR = 0x7400; USICNT |= 0x50;  
// strobe CS, SPI READ & USI16B + 16 bits to transfer 
 ESPERAR_QUE_SPI_ACABI 
 
 // read 01001101b R13 
 //P1OUT |= 0x10; USISR = 0x4D00; USICNT |= 0x50;  
// strobe CS, SPI READ & USI16B + 16 bits to transfer 
 //ESPERAR_QUE_SPI_ACABI 
 
 
 // Enter LPM0 w/ interrupt 
 _BIS_SR(LPM0_bits); 
} 
 
// USI interrupt service routine, USIIFG is set when USICNTx becomes zero 
#pragma vector=USI_VECTOR 
__interrupt void universal_serial_interface(void) 
{ 
 // CS is cleared here! 
 P1OUT &= ~0x10; 
 SPI_answers[i++] = USISR; 
 USICTL1 &= ~USIIFG; 
}  
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Appendix C.   Code for wake-up triggers counting 
 
Code used in a MSP430 microcontroller of Texas Instruments, for wake-up triggers 
counting.   
 
/*Wake-ups counter.  Port 2.0 in MSP430 as data entrance*/ 
#include <msp430g2452.h> 
#include <stdint.h> 
 
volatile int count = 0; //wake-up counter 
 
/* 
 * main.c 
 */ 
int main(void) { 
WDTCTL = WDTPW | WDTHOLD; // Stop watchdog timer 
 
    // Configure P2.0 
 P2DIR &= ~(BIT0);  //P2.0 en 0=input 
 P2SEL &= ~(BIT0);  //P2.0 as GPIO  0=GPIO  1=Peripheral 
      P2REN |= BIT0;     // P2.0 Enable Pullup/Pulldown 
      P2IES &= ~(BIT0);  // P2.0 Low-to-High trigger 
      P2IE |= BIT0;      // P2.0 interrupt enabled 
      P2IFG &= ~BIT0;    // P2.0 IFG cleared just in case 
      _EINT(); 
 
 
      while(1){ 
      // Execute some other code 
      } 
 
return 0; 
} 
 
// Port 2 interrupt service routine 
#pragma vector=PORT2_VECTOR __interrupt void Port_2(void) 
{ 
 if(P2IFG & BIT0) { 
  count++;  // counter increased in 1 
  P2IFG &= ~BIT0;   // P2.0 IFG cleared 
 } 
} 
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Appendix D.  Code for the generation of a carrier burst signal of 21 KHz 
 
Code for the generation of a carrier burst signal of 21 KHz using Port 4.0 of Zoleria Z1. 
 
 
#include "contiki.h" 
#include "dev/leds.h" 
#include <stdio.h> /* For printf() */ 
 
#define P40_OUT() P4DIR |= BV(0) 
#define P40_IN() P4DIR &= ~BV(0) 
#define P40_SEL() P4SEL &= ~BV(0) 
#define P40_IS_1 (P4OUT & BV(0)) 
#define P40_WAIT_FOR_1() do{}while (!P40_IS_1) 
#define P40_IS_0 (P4OUT & ~BV(0)) 
#define P40_WAIT_FOR_0() do{}while (!P40_IS_0) 
#define P40_1() P4OUT |= BV(0) 
#define P40_0() P4OUT &= ~BV(0) 
 
#define SET_FREQ 23 
   //400 = 1.16 KHz 
   //300 = 1.55 KHz 
   //250 = 1.86 Khz 
   //235 = 1.99 Khz 
   //210 = 2.21 KHz 
   //195 = 2.24 Khz 
   //155 = 3.02 Khz 
   //135 = 3.47 Khz 
   //115 = 4.08 Khz 
   //105 = 4.47 KHz 
   //95 = 4.95 KHz 
   //85 = 5.53 KHz 
   //75 = 6.28 KHz 
   //65 = 7.26 KHz 
   //55 = 8.61 KHz 
   //50 = 9.30 Khz 
   //45 = 10.57 KHz 
   //40 = 11.63 Khz 
   //35 = 14.25Khz 
   //30 = 16.1Khz-16.26Khz    100=4.x Khz 
   //26 = 18.88Khz 
   //25 = 20Khz 
   //24 = 20.45Khz 
   //23 = 21.17Khz - 9 nop() 
   //23 = 22.3Khz - 8 nop() 
   //23 = 23.55Khz - 7 nop() 
   //20 = 24Khz 
   //19 = 25.89 Khz 
   //18 = 25.89 
   //17 = 29.14 KHz 
   //16 = 29.14 
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   //15 = 33.27Khz 
   //10=46.82 Khz 
   //5=117.81Khz 
 
 
/*----------------------------------------------------------------------*/ 
/* We declare the processes */ 
 PROCESS(burst_frequency_process, "Burst frequency process"); 
 
 
/* We require the processes to be started automatically */ 
 AUTOSTART_PROCESSES(&burst_frequency_process); 
/*----------------------------------------------------------------------*/ 
/* Implementation of the second process */ 
 PROCESS_THREAD(burst_frequency_process, ev, data) 
 { 
 
  PROCESS_BEGIN(); 
  P40_OUT();// pin 40 is defined as output 
  P40_SEL();// 
  static struct etimer timer; 
  static uint16_t usec; 
  static int n; 
  while (1) 
           { 
 
  // we set the timer from here every time 
  // for(n=0; n<25; n++){  
            P40_0();// pin 4.0 outputs to 0 
            usec = SET_FREQ; 
            while(usec > 3)   /* 2 cycles for compare */ 
            {                 /* 2 cycles for jump */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                usec -= 2;      /* 1 cycles for optimized decrement */ 
            } 
 
            P40_1(); // pin 4.0 outputs a 1 
            usec = SET_FREQ; 
            while(usec > 3)   /* 2 cycles for compare */ 
            {                 /* 2 cycles for jump */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
                nop();          /* 1 cycles for nop */ 
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                nop();          /* 1 cycles for nop */ 
                usec -= 2;      /* 1 cycles for optimized decrement */ 
            } 
 
  //} 
 
  // etimer_set(&timer, CLOCK_CONF_SECOND*2); 
            // and wait until the event we receive is the one  
// we're waiting for 
  // PROCESS_WAIT_EVENT_UNTIL(ev == PROCESS_EVENT_TIMER); 
 
    } 
    PROCESS_END(); 
} 
/*----------------------------------------------------------------------*/ 
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Appendix E.   Code for the generation of the signal using only Port 4.0   
 
Code for the generation of the signal by Zolertia Z1, using only one port (Port 4.0).  This 
program send the Frame 50 times, waiting 500 ms between frames.  In this case no 
dimming or flickering mitigation techniques are applied between frames. 
 
#include "contiki.h" 
#include "dev/leds.h" 
#include <stdio.h> 
 
#define P40_OUT() P4DIR |= BV(0) 
#define P40_IN() P4DIR &= ~BV(0) 
#define P40_SEL() P4SEL &= ~BV(0) 
#define P40_IS_1 (P4OUT & BV(0)) 
#define P40_WAIT_FOR_1() do{}while (!P40_IS_1) 
#define P40_IS_0 (P4OUT & ~BV(0)) 
#define P40_WAIT_FOR_0() do{}while (!P40_IS_0) 
#define P40_1() P4OUT |= BV(0) 
#define P40_0() P4OUT &= ~BV(0) 
 
#define LENGTH_BURST 20  // 20 - Length of the burst for 21KHz 
#define BIT_DURATION 8  // In number of times of the carrier frequency 
 
static uint16_t usec; 
static int n; 
 
void frequency_off(); 
void frequency_on(int duration); 
 
/*----------------------------------------------------------------------*/ 
/* We declare the processes */ 
PROCESS(protocol_process, "Protocol Manchester process"); 
 
/* We require the processes to be started automatically */ 
AUTOSTART_PROCESSES(&protocol_process); 
/*----------------------------------------------------------------------*/ 
 
 
PROCESS_THREAD(protocol_process, ev, data) 
{ 
    PROCESS_BEGIN(); 
    P40_OUT();// pin 40 is defined as output 
    P40_SEL();// 
 
    static  int veces=0; 
    static struct etimer timer; 
    static int codeID[8] = {1,1,1,0,1,1,1,1}; 
    static int i = 0; 
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    // If it is necessary to send data then: (a) Send carrier burst  
    //                                   (b) send a bit separation 
    //                                   (c) send preamble 
    //                                   (d) send Manchester code 
 
 
    while(veces<50){ 
        // (a) Send the carrier burst of 21KHz 
  frequency_on(LENGTH_BURST); 
 
        // (b) send a bit separation. 
        // Always ON - ZERO equivalent 
        frequency_off(); 
 
        // (c) send preamble - 6 bits (101010)  3-veces 
        for (i = 0; i < 3; i++){ 
            frequency_on(BIT_DURATION);  //ONE 
            frequency_off();   //ZERO 
        } 
 
        // (d) Send pattern Manchester coded for balance the frame 
        for (i = 0; i < 8; i++){ 
            if (codeID[i] == 0){  // For 0, Manchester code is 0-1 
         frequency_off();             //ZERO 
         frequency_on(BIT_DURATION);  //ONE 
            }else{                //For 1, Manchester code is 1-0 
         frequency_on(BIT_DURATION);  //ONE 
         frequency_off();             //ZERO 
            } 
        } 
 
         
   
        // We wait for 500 mseg before send a frame again 
        P40_1(); // pin 40 outputs to 0 
        etimer_set(&timer, CLOCK_CONF_SECOND*0.5); 
        PROCESS_WAIT_EVENT_UNTIL(ev == PROCESS_EVENT_TIMER); 
        etimer_reset(&timer); 
 
  veces++; 
 } 
    PROCESS_END(); 
} 
 
 
/************************************************************************/ 
 
/*In OOK modulation, frequency:off is the ausence of carrier signal*/ 
void frequency_off(){ 
    for(n=0; n < BIT_DURATION; n++){ 
        P40_1(); // pin 40 outputs a 1 
        usec = 46;   //46=double of time (23) 
        while(usec > 3)   // 2 cycles for compare 
        {                 // 2 cycles for jump 
            nop();        // 1 cycles for nop 
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            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            nop();        // 1 cycles for nop 
            usec -= 2;    // 1 cycles for optimized decrement 
        } 
    } 
} 
 
/************************************************************************/ 
 
/*In OOK modulation, frequency_on is the presence of carrier signal*/ 
void frequency_on(int duration){ 
    for(n = 0; n < duration; n++){ 
        P40_0();      // pin 4.0 outputs to 0 
        usec = 23;   //  23 = 21 KHz 
        while(usec > 3)   // 2 cycles for compare 
        {                 // 2 cycles for jump 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            usec -= 2;      // 1 cycles for optimized decrement 
        } 
        P40_1();      // pin 40 outputs a 1 
        usec = 23; 
        while(usec > 3)   // 2 cycles for compare 
        {                 // 2 cycles for jump 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            nop();          // 1 cycles for nop 
            usec -= 2;      // 1 cycles for optimized decrement 
        } 
    } 
} 
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